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Abstract 
Food allergy has long been a major health problem, casuing adverse immune 
responses in some of the population world wide. While genetically modified foods are 
entering the markets with various improvements over their wild type counterparts, 
they have also aroused concerns of food allergy they might induce. A genetically 
modified rice variety, GT3, is produced previously in our lab. This rice variety has 
high seed lysine content closer to the WHO standards compared with its wild type 
counterpart, WT rice, with potential to alleviate the protein energy malnutrition casued 
in people mainly fed on rice. 
In this study, possible risks of allergenicity associated with the novel GT3 rice 
were evaluated against its wild type counterpart in two aspects. First, the simulated 
gastric digestibility test using pepsin was undertaken on total protein and four major 
storage proteins extracted from both the G T3 rice and the WT rice. Second, three 
balb/c mouse models were set up and tested with four groups of proteins including 
total protein from GT3 rice, total protein from WT rice, glutelin from GT3 rice, and 
glutelin from WT rice, while ovabumin from chicken egg white was served as positive 
control and no protein PBS solution served as background control. In the first mouse 
model, mice were delibrately immunized with the target protein together with 
aluminum adjuvant for two boosts and then fed with the protein every other day for 
around two months. In the second mouse model, all conditions were the same as the 
first model except the proteins were cooked at 99°C for 15min before use. In the third 
mouse model, mice were fed with the protein without any adjuvant from the beginning 
for about 3 months. Mice blood was collected once a week for IgE, IgG 1, and IgG2a 
analysis, and at the end of the experiments, mice were challenged with protein samples 
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to test the allergic responses in terms of body temperature and behavior. None of the 
results from either the digestibility test or the mouse models showed that the GT3 rice 
is more allergic than the WT rice or has more potential to elicit allergy. Together, these 
data suggest that GT3 rice poses little food safety risk related to allergy, supporting its 
progressing towards official food safety assessment before market release. 
As rice has been found to be allergic to some people and most of the research 
related to rice allergy has been done on globunin and albumin proteins, while little on 
glutelin, a major storage protein in rice accounting for around 80% of the total rice 
protein, allergenicity test on glutelin was also carried out in this study. By the first 
mouse model, glutelin is able to cause allergic reaction in mice and can be a potential 
food allergen. Based on bioinformatic analysis with other food allergens having 
similar sequences as glutelin, 6 peptides that are likely to be potential epitope regions 
were synthesized. Only 1 peptide was found to be reactive in a certain degree with 
glutelin specific IgE antibody in mice. Meanwhile, based on western blot, the epitope 
regions of glutelin were found to be located mainly on the acidic subunit of the glutelin. 
The acidic subunit of glutelin was further tested and 3 strong epitope regions have 
been found with their inner core lgE-binding sequences estimated. Future tests to 
confirm the amino acids critical to lgE biding in the 3 strong epitope regions, could be 
































進行合成。只有 1 月太鏈在一定程度上與小鼠谷蛋白特異性 IgE 抗體有反應。根
據蛋白質印跡實驗，我們發現谷蛋白抗原主要集中在谷蛋白酸性亞基上 O 通過
對谷蛋白酸性亞基的進一步檢測，我們發現 3 段主要抗原序列，並對抗原中的
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Chapter 1. General Introduction 
Food allergy is an adverse immune response to food proteins distinct from other 
adverse responses to food including food intolerance, toxin-mediated reactions and 
pharmacological reactions. It is recognized as a major worldwide health problem and 
the prevalence has been rising like other atopic disorders. Recent estimates suggest 
that up to 12 million Americans have food allergies including 6% to 8% of children 
under the age of three and nearly 4% of adults (National Institute of Allergy and 
Infectious Diseases, 2004 ). Approximately 30,000 emergency room visits and 100 to 
200 deaths per year in the United States are caused by food allergy (Food Allergy & 
Anaphylaxis Network, 2007). The most common food allergens in adults are peanuts, 
tree nuts, shellfish, eggs and fish while the most common food allergens in children 
are peanuts, tree nuts, milk and eggs (National Institute of Allergy and Infectious 
Diseases, 2004 ). 
Besides the existing food that cause allergy, new concerns of food allergy have 
been aroused on the genetically modified foods which are now entering the markets. 
The genetically modified foods are normally produced from plants in which the 
genetic materials have been changed through in vitro nucleic acid techniques, 
including recombinant deoxyribonucleic acid (DNA) and direct injection of nucleic 
acid into cells or organelles. The goals of producing genetically modified food are to 
enhance the supply of wholesome, nutritive, tasty and affordable foods. The major 
concern on the genetically modified foods lies on the introduced proteins. 
Commercialization of soybean transformed with the high-methionine Brazil nut 
protein did not occur because of the allergenic properties of the introduced protein 
1 
(Nordlee et al., 1996). 
In view of the concerns on genetically modified foods, particularly those serve 
human, they should be thoroughly assessed for their toxicity, with food allergenicity 
being one of the most important parts before their commercialization. The potential 
allergenicity of the genetically engineered food can be evaluated with a decision tree 
developed by the International Food Biotechnology Council (IFBC) and the Allergy 
and Immunology Institute of the International Life Science Institute (ILSI). The tree 
focuses on the source of the introduced gene, the homology of the introduced protein 
with known allergens, the reactivity of the protein with IgE antibodies, the resistance 
to in vitro digestion of the protein and the immunoreactivitiy of the protein in 
appropriate animal models (Sugey et al., 2004 ). 
Animal models have played a major role to mimic and investigate various human 
diseases for a long time. For ethics and efficacy reasons, investigations on human to 
determine sensitization and allergic responses of IgE production, which are the major 
symptom of human IgE-mediated food allergy, to food proteins are not applicable. As 
a result, animal models are used to bypass the innate tendency to develop tolerance to 
food proteins, induce sufficient amount of specific lgE antibody to cause 
sensitization and upon reexposure to induce an allergic response, in order to predict 
the allergenicity of novel proteins using characteristics of known food allergens. The 
animal models are also to develop therapeutic strategies to alleviate adverse reactions 
induced by food allergy. Most animal models, including small laboratory animals 
such as rats, mice and guinea pigs, and domestic animals such as calves, pigs and 
dogs, use intraperitoneal, intravenous, subcutaneous or the intradermal route of 
administration with or without an adjuvant to bypass tolerance and initiate food 
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hypersensitivity that mimic human lgE-mediated food allergy (Ricki et al., 2003). 
Among various animal models, mouse models are used most frequently in food 
allergy investigation for their low cost, high efficacy, easy sensitization and handling. 
Cereal proteins are known to cause food allergy as Backer's asthma and severe 
atopic dermatitis to some of the population world wide. Rice is one of the cereal 
crops that serve as a staple food for half of the world's populations. It has also been 
found to be allergenic in certain populations and previous research has found rice 
proteins with molecular masses of 14-16, 26, 33, and 56kDa to be potentially 
allergenic (U sui et al., 2001 ). As rice is naturally deficient in some essential amino 
acids and the most limiting one is lysine, causing detrimental protein energy 
malnutrition world wide on the people who depend on rice as major food (Millward, 
1999), various genetically modified rice varieties have been produced with increased 
nutritional values. A genetically modified rice variety, GT3, was produced previously 
in our lab by overexpressing the rice homologous glutelin which is high in lysine 
content. This rice variety has high seed lysine content closer to the WTO standards 
compared with its wild type counterpart. It thus has potential to alleviate the protein 
energy malnutrition. 
The maJor goal of this thesis research is to evaluate the possible risks of 
allergenicity associated with the novel GT3 rice compared with its wild type 
counterpart in terms of the two major criteria of allergenicity assessment: the 
simulated gastric digestibility test and mouse evaluation models. Besides this, the 
allergenicity of glutelin, the major storage protein in rice was also investigated. 
Chapter 2 of this thesis covers a literature review on the background information 
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of food allergy; the simulated gastric digestibility test and animal models for allergy 
study; the importance, nutritional facts of rice as well as the food allergy it causes; 
the glutelin overexpression transgenic rice GT3; and finally recent and future 
perspectives for treatment of food allergy. Chapter 3 presents preparations of 
materials including extractions of various proteins from rice. Chapter 4 and 5 present 
the simulated gastric digestibility test and the mouse models. Chapter 6 details the 
studies on the allergenicity of glutelin, the major seed storage protein of rice. A 
general conclusion appears in the last chapter (Chapter 7). 
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Chapter 2. Literature Review 
This chapter reviews the literature on the background information of food allergy 
including its definition, prevalence, pathogenesis, clinical disorders caused and 
diagnosis; the application of the simulated gastric digestibility test for food allergy 
study; the application of animal models for food allergy study; the importance of rice 
and its nutritional facts; rice as a food allergen; the glutelin overexpression transgenic 
rice GT3; and recent and future perspectives for treatment of food allergy. 
2.1 Facts on food allergy 
2.1.1 Food allergy and its prevalence 
Food allergy is an adverse Immune response triggered by food protein. It is 
distinct from other adverse responses to food including food intolerance, 
pharmacological reactions such as caffeine tremors, scombroid fish poisoning, and 
toxin-mediated reactions such as bacterial food poisoning. Food allergy has been a 
major worldwide health problem and was found by human a very long time ago 
when Hippocrates described clinical records of cow's milk allergy in 570-460 BC. It 
is estimated that up to 12 million Americans have food allergies which include 6% to 
8% of children under the age of three and nearly 4% of adults, and the prevalence has 
been rising like other atopic disorders (National Institute of Allergy and Infectious 
Diseases, 2004). Approximately 30,000 emergency room visits and 100 to 200 deaths 
per year in the United States are caused by food allergy (Food Allergy & 
Anaphylaxis Network, 2007). Shellfish and fish frequently cause allergy in adults, 
milk frequently causes allergy in children, while peanuts, tree nuts and eggs cause 
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allergy frequently in both adults and children (National Institute of Allergy and 
Infectious Diseases, 2004 ). 
Besides its world wide occurrence, food allergy appears to have a geographical 
distribution as specific types of food allergy are reported more frequently in specific 
regions (Woods et al., 2001 ). For example, fish and shellfish allergy is found more 
frequently in Mediterranean countries than other part of the world (Hughes and Mills, 
2001 ), while rice and soy allergy happen more frequently in Far East than in western 
countries (Woods et al., 2001 ). These might be due to the genomic difference and 
major diets variation among people of different regions. 
2.1.2 Pathogenesis of food allergy 
Abnormal response of the mucosal immune system to antigens that come through 
the oral route leads to food allergy. Although fully capable of mounting a protective 
response to dangerous pathogens, the mucosal immune system, unlike the systemic 
immune system, encounters vast quantities of antigen everyday and generally 
suppresses immune reactivity to harmless foreign antigens including food proteins. 
As a complex structure which provides a vast surface area for processing ingested 
food and dumping waste products, the gastrointestinal mucosal barrier uses both 
physicochemical and cellular factors, including the epithelial cells joined by tight 
junctions and covered with a thick mucus layer, trefoil factors, and luminal and brush 
border enzymes, bile salts and extremes of pH, innate and adaptive immune 
· responses such as natural killer cells, macrophages, intraepithelial and lamina propria 
lymphocytes, cytokines, and Peyer 's patches, to prevent the penetration of foreign 
antigens. However, the barrier efficiency of the newborn is low due to the 
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developmental immaturity of various barrier components and this might count for the 
increased prevalence of food allergy seen in children under the age of three. Despite 
the complex of mucosal barrier, a small amount of ingested food antigens is normally 
absorbed and transported throughout body in an immunologically intact form, and 
oral tolerance prevails (Sampson, 2004 ). 
Antigen-presenting cells, especially intestinal epithelial cells and dendritic cells, 
and regulatory T cells play a vital role in oral tolerance. Five types of regulatory T 
cells have been found in conjunction with intestinal immunity: T H3 cells, a 
population of CD4+ cells that secret TGF- {3 ; T R2 cells, CD4+ cells that secrete 
IL-l 0; CD4+CD25+ regulatory T cells; CD8+ suppressor T cells; and y 8 T cells. 
Intestinal epithelial cells play a role in tolerance induction by processing luminal 
antigen and present it to T cells on an MHC class II complex that lack a second 
signal. The lamina propria and noninflammatory environment of Peyer 's patches 
residing dendritic cells express IL-l 0 and IL-4 that favor tolerance generation. The 
properties of exposure antigen does influence tolerance induction, in which 
high-does tolerance involves deletion of effector T cells while low-does tolerance is 
mediated by activation of regulatory T cells with suppressor functions (Chehade and 
Mayer, 2005). 
The commensal gut flora might also play a role in influencing the mucosal 
immune response. The gut flora is largely established in the first 24 hours after birth 
depending on maternal flora, genetics and the local environment which is relatively 
· stable throughout life. The importance of gut flora in the induction of oral tolerance 
is demonstrated by the fact that germ-free environment raised mice fail to have 
normal tolerance (Sudo et al., 1997). 
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Food allergy can be divided into 2 classes, with class 1 food allergy resulting from 
a breach in oral tolerance to foods when they are being ingested while class 2 food 
allergy resulting from sensitization to allergens during respiratory exposure instead 
of exposure to the gastrointestinal tract (Breiteneder and Ebner, 2000). Food proteins 
stable to digestion that are encountered by children under the age of three during a 
presumed window of immunologic immaturity often trigger class 1 food allergy 
(Sampson, 1999), while sensitization to labile proteins encountered through the· 
respiratory route such as pollens inducing lgE antibodies that recognize homologous 
epitopes on food proteins from plants often triggers class 2 food allergy. Water 
soluble glycoproteins that are 10 to 70kDa in size that are stable to heat, acid and 
proteases have often been identified as class 1 allergens. Similar types of animal and 
plant proteins have been identified to make up the vast majority of food allergens. 
For plant protein allergens, they are often found in the prolamin and cup in 
superfamilies and the protein families of the plant defense system such as the 11 S 
seed storage proteins. In contrast, conformational epitopes make up the majority of 
class 2 allergens. They are highly heat labile, susceptible to enzymatic degradation, 
and difficult to isolate, which often make standardized extracts for diagnostic 
purposes unsatisfactory (Sampson, 2004 ). 
2.1.3 Clinical disorders caused and diagnosis of food allergy 
Food allergy generally develops in genetically predisposed individuals (Sicherer et 
al., 2000), presumably when oral tolerance fails to develop normally or breaks down. 
The disorders caused by food allergy can be classified according to the basis of 
interrelated immunologic causes or the organ systems affected. 
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Based on the immunologic causes, food allergy disorders can be divided into 3 
groups: IgE mediated such as anaphylaxis, acute asthma, acute rhinoconjunctivitis, 
morbilliform rashes, angioedema, etc; cell mediated such as contact dermatitis, celiac 
disease, Heiner syndrome, etc; and mixed lgE and cell mediated such as atopic 
dermatitis, allergic eosinophilic gastroenteritis, etc. The lgE-mediated disorders, 
which count for a major part of the food allergy disorders, happen when 
food-specific lgE antibodies residing on mast cells and basophils get into contact 
with and bind food allergens in circulation, activating the cells to release potent 
mediators and cytokines (Sampson, 2004 ). 
Food allergy disorders can also be divided into 3 other groups based on the organ 
systems affected including gastrointestinal food allergy reactions, cutaneous food 
allergy reactions, and respiratory food allergy reactions. The gastrointestinal food 
allergy reactions comprise of disorders like pollen-food allergy syndrome, 
gastrointestinal anaphylaxis, allergic eosinophilic esophagitis, allergic eosinophilic 
gastroenteritis, food protein induced proctocolitis, food protein induced enterocolitis 
and food protein induced enteropathy and celiac disease. The pollen-food allergy 
syndrome is induced by a variety of plant proteins that cross-react with airborne 
allergens such as birch, ragweed and mugwort pollens (Breiteneder and Ebner, 2000). 
Ragweed allergy patients might react to bananas and fresh melons, and grass pollen 
allergy patients might have reactions on ingestion of raw tomatoes, while birch 
pollen allergy patients might have reactions upon ingestion of raw potatoes, celery, 
pears, carrots, hazelnuts, and kiwi. Most patients only experience allergic reactions in 
the oral and pharyngeal mucosa due to the ease of break down of the responsible 
allergens by heat or gastric enzymes. The cutaneous food allergy reactions comprise 
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of disorders like acute urticaria and angioedema, chronic urticaria and angioedema, 
atopic dermatitis, contact dermatitis, and dermatitis herpetiformis. Acute urticaria 
and angioedema are two of the most common symptoms of food allergy reactions, 
although the exact causes of the prevalence of these reactions remain unclear. 
Dermatitis herpetiformis is a chronic blistering skin disorder accompanied with a 
gluten sensitive enteropathy and characterized by a choronic, intensely pruritic 
papulovesicular rash symmetrically distributed over the extensor surfaces and 
buttocks (Nicolas et al., 2003). The respiratory food allergy reactions comprise of 
disorders like allergic rhinoconjuctivitis, asthma and Heiner's syndrome. Asthma is 
an uncommon manifestation of food allergy, although acute bronchospasm is 
commonly accompanied with other food-induced disorders (James et al., 1994). 
However, ingestion of small amounts of food allergens in sensitized people can also 
induce airway hyperactivity and worsening of asthma (James et al., 1996), and food 
allergy was found to be a major risk factor for severe life-threatening asthma recently. 
It is reported that around half of asthmatic children requiring intubation for severe 
asthma had food allergy compared with around 1 0% of asthmatic patients seen at the 
same hospital (Roberts et al., 2003). Asthmatic reactions and even anaphylaxis can 
be induced by vapors or steam containing proteins emitted from cooking food such 
as fish (Crespo et al., 1995), and it has been suggested that reactions to inhalational 
exposures to food, especially in the working place count for around 1% of asthma in 
adults (Roberts and Lack, 2003). Particulate matter including peanut dust in airplanes 
can induce allergic reactions in a similar way (Sicherer et al. , 1999) whereas the 
smell of peanut butter, especially organic solvents, is not likely to induce allergic 
· reactions (Simonte et al., 2003). Patients with refractory asthma and a history of 
atopic dermatitis, gastroesophageal reflux, food allergy, feeding problems as an 
infant, a history of positive skin test response, or reactions to a food should be 
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suspected of food-induced asthmatic symptoms. 
The safest and most reliable method for food allergy diagnosis is to go to an 
allergist for examination. The examination often begins by reviewing the patient's 
history and notes that have been recorded stating any symptoms or reactions after 
food ingestion. If the patient is suspected to be allergic to a particular food, the 
following tests would normally be done to obtain a confirmative result. 
Skin prick test is the most convenient and fastest method to predict if the patient is 
allergic to a particular food (Sampson, 1999). There are different devices available to 
achieve a successful test. Some allergists use "bifurcated needle" which looks like a 
fork with 2 prongs while others use a multi-test which resembles a small board \Vith 
several pins sticking out of it. In these tests, a tiny amount of suspected food allergen 
is put on the skin or in a testing device that will be placed on the skin to either prick 
or break through the top layer of the skin. In this way, a tiny amount of the suspected 
food allergen will be put under the skin and a hive will form at the right spot if the 
patient is allergic to the suspected food. This test will always give a positive or 
negative result and it 's very quick to learn if the subject patient is allergic to a 
particular food or not based on the patient's history of reactions to a particular food. 
However, skin prick test is unable to predict what reaction would or might occur if 
the patient ingests that particular allergen, and because the detection is based on 
reactions with allergic antibodies of lgE, it cannot detect non-lgE and cell mediated 
allergies. 
Serum tests are another useful diagnostic tool of food allergy. One of the serum 
tests uses RadioAllergoSorbent Test short for RAST to detect the presence of IgE 
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antibodies in the patient serum to a particular food allergen. More recently, 
quantitative measurements of food-specific IgE antibodies, such as CAP-RAST test, 
can show the amount of IgE present to each allergen with great specificity. Higher 
concentrations of a particular food-specific IgE correlate with increasing likelihood 
of allergy reactions to this particular food (Boyano-Martinez et al., 2002; Garcia-Ara 
et al., 2001, Osterballe et al, 2003). The predictive values of IgE levels for certain 
foods including milk, egg, peanut, soy, wheat and fish (Garcia-Ara et al., 2001; 
Sampson and Ho, 1997; Sampson, 2001 ), have also been determined by researchers 
which can be used to compare with the results of CAP-RAST blood test. When a 
patient's RAST score is higher than the predictive value for a particular food, the 
patient will have over 95% chance of having an allergy reaction if they ingest that 
food. Like the skin prick test, it is only limited to IgE mediated food allergies, but it 
allows for hundreds of food allergen including inhalants to be screened from a single 
sample. 
Food challenge tests are also used for food allergy diagnosis, especially the 
double-blind placebo-controlled food challenges. In the blind food challenges, the 
suspected food allergen is packed into a capsule, given to patient and signs or 
symptoms of an allergy reaction are observed for the patient. This test is normally 
conducted in hospitals at the presence of allergist due to the risk of anaphylaxis. But 
unlike the skin prick test and serum test, it can detect not only IgE mediated food 
allergy, but also most non-IgE and cell mediated food allergy, and has been called the 
gold standard for diagnosis of food allergy (Bindslev-Jensen et al., 2004). 
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2.2 Allergenicity assessment of genetically engineered food 
Foods from genetically engineered plants have long been under intense debate and 
their safety assessment continues to attract considerable attention. The most 
important question to address first is perhaps what a safety assessment should have 
as an objective. The completely absence of risk in these genetically engineered food 
is of course not achievable, and the aim should be however to ensure that a food 
derived from a genetically engineered plant does not pose additional risks when 
compared with its traditional counterpart. With this in mind, the objective in regard 
to allergenicity, one of the most important issues of the safety assessment, is to 
establish whether the novel food has an increased potential to induce allergic 
reactions compared with its traditional counterpart. The concerns of allergenicity of 
the novel food lie mainly on that (a) the product of a novel gene introduced into the 
plant may have the ability to induce de novo sensitization amongst susceptible 
consumers, (b) the product of a novel gene may be immunologically cross-reactive 
with protein allergens to which consumers are already sensitized, and will as a 
consequence have the potential to provoke allergic reactions, or (c) transformation 
will result in altered levels of endogenous protein allergens already expressed by the 
host plant (Kimber et al. , 2002). At present, there is no single test that is sufficient to 
predict allergenicity of a novel food in humans to a newly expressed protein and 
hierarchical approaches to test the allergenicity of the genetically engineered food 
have been proposed by the International Food Biotechnology Council and the 
Allergy and Immunology Institute of the International Life Science Institute (Kimber 
et al., 2002). This approach takes into account the evidence derived from several 
types of information and data. The initial steps in assessing possible allergenicity of 
the novel proteins are the determination of: the source of the introduced protein; the 
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homology of the introduced protein with known allergens; the reactivity of the 
introduced protein with lgE antibodies. And further steps focus on structural 
properties of the novel proteins including the digestion stability in simulated gastric 
fluid and the immunoreactivitiy of the novel proteins in appropriate animal models. 
2.2.1 The structural and sequence homology of proteins as a criterion for food 
allergenicity assessment 
The structural and sequence homology of proteins as a criterion for food 
allergenicity assessment originated from historical data, which revealed that 
cross-reactivity is fairly common for proteins with higher than 70% identity over the 
entire protein sequence while hardly happens among proteins with lower than 50% 
identity (Aalberse, 2000). 
A search for shorter identical segments of 6 or 8 contiguous amino acids was first 
suggested as a scientific advisory to regulators for evaluating proteins in genetically 
modified foods (Metcalfe et al., 1996; FAO/WHO 2001). The Codex Alimentarius 
Guidelines (2003) established a process for evaluating potential allergenicity of the 
proteins from genetically modified foods that are likely to cause allergic reactions in 
consumers, in which a key component in the evaluation process is to compare the 
target proteins with those of known allergens using a bioinformatics approach such 
as BLASTP local alignment tool to identify proteins that would require further 
testing by serum lgE binding and/or clinical testing for safety evaluation. The Codex 
Alimentarius Guidelines also suggested a search for 35% identity in an 80 amino 
acid segment. This short segment matching routine appears to be quite conservative, 
precautionary and far more informative than the search for shorter identical segments 
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of 6 or 8 contiguous amino acids (Hileman et al., 2002; Goodman et al., 2005; 
Silvanovich et al., 2006). These two methods of search have been popularly used for 
initial prediction of potential allergenicity of the proteins in genetically modified 
foods in allergy researches. 
2.2.2 Digestion stability as a criterion for food allergenicity assessment 
Digestion stability has been used as one of the important assessments of the 
allergenicity of many genetically engineered foods and a major criterion that 
regulatory agencies consider related to food safety. Star Link TM com, once received 
much media attention, was not approved for human consumption because of the 
potential allergnicity concerns as the inserted gene product the Cry9C protein was 
found to be resistant to pepsin digestion (Taylor, 2001 ). 
The use of digestion stability for assessing protein allergenicity stems from the 
general belief that only proteins that are able to survive the acid and proteolytic 
environment of the human gastrointestinal system can reach and be absorbed through 
the intestinal mucosa to induce an allergic response (Taylor, 1987). Most of the food 
allergy is caused by an immunoglobulin lgE whose pathogenesis consists of two 
phases including a primary contact with an allergen causing sensitization of a nai"ve 
immune system to produce an lgE response followed by the later repetitive exposure 
to the same allergen which results in elicitation of an allergic response and even 
clinical disorders (Mills et al. , 2003). Although at this moment the first phase of food 
allergen sensitizations remain unclear, the gastrointestinal tract is thought to be 
where the majority of them take place (Bannon, 2004; Lehrer et al. , 1996; Mills et al. , 
2003). Because of this, digestibility as well as gut permeability are key factors to 
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consider since they may affect allergen sensitization (Aalberse, 2000; Bredehorst and 
David, 2001; Fushs and Astwood, 1996; Lehrer et al. , 1996). Therefore it has been 
suggested that for a food protein to sensitize an individual, it must have properties 
that preserve its structure from degradation in the gastrointestinal tract, allowing 
enough allergen to pass through the gut in a sufficiently intact or immunologically 
active form in order to sensitize the mucosal immune system (Metcalf et al., 1996; 
Taylor and Hefle, 2001; Taylor, 2002). 
Among various digestion stability tests, pepsin digestion tests in simulated gastric 
fluid have been proposed as marker for evaluating potential allergenicity of novel 
proteins and were used most frequently by researchers for food allergy assessment 
because of the correlation between many food allergens and their resistance to pepsin 
digestion (Metcalf et al., 1996; Taylor and Lehrer, 1996). Although simulated gastric 
fluid assays may not actually mimic in vivo digestion and are not meant to predict 
whether a given protein will always be digested in the stomach of the human 
consumer, the stability of a protein in simulated gastric fluid is believed to be related 
to resistance to proteolytic processes that are encountered within the digestive system 
and/or the intracellular environment and the assays do provide a simple in vitro 
correlative way to evaluate protein digestibility (Bannon et al. 2002, 2003; Dearman 
et al. 2002; Goodman et al. 2005). 
A large percentage of the plant food allergens that are thought to sensitize via 
gastrointestinal tract belong to either the prolamin or cupin superfamily. Because of 
their structural stability, these allergens are generally resistant to degradation by 
proteases (Mills et al., 2004). The prolamin superfamily, which includes the 2S 
albumins, non-specific lipid transfer proteins, cereal a-amylase/protease inhibitors 
16 
and cereal prolamin families (Breiteneder and Radauer, 2004 ), owe their structural 
compactness to the presence of a conserved skeleton of cysteine residues which 
generally form four disulphide bonds (Kreis et al., 1985; Shewry et al. , 1995). And 
the cupin superfamily comprises a family of proteins including vicilins and legumins, 
possessing a common ~-barrel structure motif that is remarkably stable and resists 
both thermal denaturation and proteolysis (Mills et al., 2002). In fact, the ~-subunit 
of soy ~-conglycinin was very stable to pepsin digestion; whilst several IgE binding 
epitopes, which are the parts of the protein surface structure that interacts with the 
antibody on an atomic level, have been described to be resistant to pepsin hydrolysis 
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in the major peanut allergen Ara h 1 (Moreno, 2007). 
At the meantime, certain food allergens that are suspected to sensitize through the 
gastrointestinal tract are pepsin labile, such as shrimp tropomyosin, milk caseins, 
a-lactalbumin and BSA. However, large stable fragments of these proteins are 
generated during digestion and these fragments have the potential to bind IgE and 
play a role in sensitization. And it has been found that the minimum molecular mass 
required for whey peptides necessary to elicit an immunological response was 
between 3 and 5 kDa (van Beresteijn et al, 1995) while an allergen must contain at 
least two IgE binding sites or epitopes, both with a minimum length of 15 amino acid 
residues to make the antibody binding possible (Ruby et al,. 2000). 
Numerous investigation of proteins using pepsin digestion test have suggested a 
strong positive predictive value between food allergens causing systemic reactions 
and their relatively pepsin stability in the assays, while non-allergenic food proteins 
are typically digested relatively quickly. In the study performed by Astwood et al. 
(1996), all the allergenic proteins tested were either resistant to pepsin in simulated 
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gastric fluid or gave stable fragments, whereas the non-allergens were completely 
digested in 15 seconds. A review by Bannon et al. (2002) and by Thomas et al. 
(2004) indicates that most of the non-allergenic food proteins that have been tested 
are digested within approximately half a minute, while major food allergens are 
stable, or produce pepsin-stable fragments that are detectable for from eight to 60 
minutes. 
Nevertheless, doubts have emerged on the adequacy of using pepsin resistance for 
predicting allergenicity from some recent studies in which the food allergens tested 
did not appear to be necessarily more resistant to digestion than non-allergenic 
proteins (Kenna and Evans, 2000; Fu et al., 2002). 
The inconsistent link between pepsin digestion stability and allergenicity which 
has been put forward in recent studies might be due to the variable conditions which 
have been applied in the pepsin digestibility assays among different studeis, since a 
standard assay condition has yet to be set up. Researches have found that the 
apparent stability of a protein can be very dependent on the experimental conditions 
employed including pH, pepsin to protein ratio, purity of the pepsin, and methods of 
detection. Indeed, the susceptibility to pepsin digestion of the same allergen may 
vary substantially when different in vitro studies are compared. Also, the protein 
hydration status, protease inhibitors and the so called food matrix effect - the 
interaction of the particular food with other food or addictives that are ingested 
together during a diet in human might also affect the digestion stability of this 
particular food in human gastrointestinal tract by shielding the particular proteins 
from the gastric environment and help them to reach the sites of active immune 
sampling in the gastrointestinal mucosa, influencing the potential allergenicity of the 
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proteins as a result (Teuber, 2002). In addition, the structural changes caused by food 
processing such as thermal treatment might as well change the intestinal transport 
properties of some allergens as recently shown for the native and heat-denatured 
~-lactoglobulin, as the native protein was more abundantly transported in both M 
cells and enterocytes and was also degraded less during the transport than its 
heat-denatured counterpart (Rytkonen et al., 2006). The relative amount of the 
allergen in food is another factor to be considered since a portion of a digestion labile 
protein of a large abundance might be able to survive gastrointestinal digestion and 
trigger an allergy response (Mills et al., 2004 ). 
Several other explanations have also been suggested to possibly account for the 
inconsistence recently found between simulated gastric fluid stability and 
allergenicity. One potential explanation for the allergenicity of pepsin labile proteins 
is the possible absorption in the mouth as absorption by the buccal mucosa would 
bypass exposure to gastric fluid (Dirks et al. 2005; Poulsen 2005). A second possible 
explanation is the presence of another group of food allergens termed incomplete or 
non-sensitizing elicitors capable of eliciting allergic reaction but not inducing allergic 
sensitization (Aalberse, 1997). The food allergens discussed previously are termed 
true or complete food allergens that have both the ability to sensitize including 
inducing the immune system to produce high-affinity antibodies, particularly of the 
IgE class, and to elicit an allergic reaction. These so called incomplete food allergens 
can be easily digested in gastrointestinal tract and therefore cannot sensitize directly. 
It has been found that almost all IgE cross-reactive latex-vegetable/fruit food proteins 
tested were digested by pepsin within 8 min using allergic sera from latex allergic 
patients, demonstrating that stability to digestion is not a requisite to trigger an 
allergic reaction in this group of incomplete allergens (Yagami, 2000), and the pepsin 
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digestibility test is an ineffective tool for assessing potential allergenicity for this 
particular group of incomplete allergens .. 
Although there are so many variabilities in the digestion stability assay, it is 
widely accepted that a protein resistant to digestion would have an increased 
probability of stimulating allergic reactions and in vitro digestion assays provide an 
estimate of the relative integrity of a protein and thus the probability of eliciting the 
allergic reactions. The assay protocol needs to be standardized which includes 
standardized assay conditions that best relate a protein's integrity and its potential for 
stimulating immune reactions and how stable a protein needs to be in the digestion 
stability assays, in order for it to be considered potential allergenic, and then the 
results can provide a consistent evaluation of the protein digestibility and used 
among different laboratories for direct comparison (Fu, 2006). 
As a result, the International Life Sciences Institute in collaboration with other 
Institutions has launched a standard protocol for assessing the in vitro pepsin 
digestibility of novel proteins several years ago (Thomas et al., 2004). In this study, 
the digestibility of 6 food allergens and 4 non-allergens have been evaluated by 9 
laboratories in simulated gastric fluid at pH 1.2 and 2.0 for 1 hour with a ratio of 
10 unit of pepsin activity per microgram of test protein and SDS-PAGE with 
different fixation and staining conditions were used as detection method. Although 
the pH value did not influence the time need for complete digestion of the intact 
proteins or protein fragments, the results obtained across laboratories were more 
consistent at pH 1.2 with 91% agreement than pH 2.0 with 77% agreement. In 
addition, the visualization of proteolytic fragments was less consistent than that of 
the intact proteins, probably due to the different staining methods used. To 
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summarize, the data obtained in this study showed that this protocol could be valid 
for evaluating in vitro digestibility of proteins since it yielded similar results for the 
proteins studied among different labs. 
In addition, some in vitro gastrointestinal digestion multi-phase models with a 
sequential use of digestive enzymes in physiological concentrations and taking into 
account the pre-processing by mastication and swallowing, the stomach/duodenal 
environment, other digestive enzymes, the food matrix and other components of the 
diet such as lipids have been developed recently by some researchers (Moreno, 2007). 
Although this kind of models has not yet been popularly applied, it should be 
preferred to the traditional single-phase systems which are still commonly used now 
for assessment of the digestibility of allergens. The information derived from these 
more realistic models are expected to help to solve some of the inconsistencies 
happen in traditional pepsin digestion systems. 
Besides digestive stability, food allergens should also have the ability to stimulate 
the immune system so as to sensitize naive individuals and/or elicit an allergic 
reaction. Therefore, although food proteins that are stable in digestion assays have 
the ability to sensitize naive individuals, additional criteria are still needed to further 
illuminate the potential allergenicity of these food proteins to human . 
. 2.2.3 Animal models for Food Allergenicity Assessment 
Although the structural and sequence homology with known allergens and protein 
stability do provide valuable information in food allergy assessment, they are still far 
from enough for reaching a definitive answer. Therefore, there has been a growing 
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interest in applying animal models that may provide a more in vivo view of potential 
allergenicity of the food as an important part of the food allergy assessment, as 
sensitization studies in humans are not possible for ethic and efficacy reasons. A 
validated animal model should mimic the food allergy in human in order to 
accurately assess the overall potential of a protein to induce the production of its 
specific lgE as well as to elicit an allergic response upon repeated challenge of the 
offending protein. In another word, the animal model should readily demonstrate 
differences between allergenic foods and food that are not found to be allergenic. 
Until now, numerous attempts have been made toward development of an 
appropriate animal model (Hilton et al., 1997; Akiyama et al., 2001; Dearman and 
Kimber, 2001; Dearman et al., 2003; Kimber et al., 2003; Gaudry et al., 2004; 
Navuluri et al., 2006). The most important point to be considered when developing 
an appropriate animal model is the degree of the food sensitization in the animals to 
induce allergy and the following aspects should be considered most: ( 1) The 
concentration of the food allergen as high doses are known to induce tolerance 
whereas low does cause sensitization depending on the host and the allergen source; 
(2) The allergen should be taken in context with the food source; (3) The 
sensitization route and duration of allergen exposure: the oral route is generally 
considered the most appropriate route of exposure as most food allergies in humans 
are initiated and provoked through oral exposure to the food allergens. This is 
particularly relevant in light of the clearly established role oral tolerance plays in 
regulating IgE responses and the ambiguous relationship between allergenicity and 
· digestibility. As the animals often develop oral tolerance to the ingested proteins as in 
healthy humans, use of an adjuvant such as cholera toxin or an alternate route of 
exposure are commonly used to avoid it; (4) Age of the animal as animals at different 
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age stages might react differently to food allergens as between children and adults; 
( 5) A genetic predisposition such as high and low lgE responders; ( 6) Isotype 
specificity response: mice respond with two anaphylactic antibodies, lgG 1 and IgE; 
rats with IgG2a and lgE; guinea pigs with lgG 1 and lgE; dogs with lgE; and pigs, 
likely to be lgE; and (7) Th1/Th2 regulation/polarization: the Th1/Th2 polarization is 
very delineated in mice but not as discrete in human (Helm, 2002). 
Among various animal models for food allergy evaluation, rodent animal models 
have gathered most of attentions from researchers because of the wide variety of 
assay reagents available allowing mechanistic studies that target discrete aspects of 
the allergy response, the extensive genetic knowledge of different rodent strains, and 
the relative ease of keeping large group of experimental animals under defined 
environmental conditions. 
The rodent animal models mainly comprise of two types, the mouse model and the 
rat model. Among them, the Brown Norway (BN) rat and the BALB/c mouse are 
under development most, whereas another commonly used mouse strain the 
C3H/HeJ mouse 1s said to possess a point mutation in Toll-like receptors that 
underlies a defect in the LPS-induced cytokine production by peritoneal 
macrophages, which may influence the response to specific allergens (Wang et al. , 
2000). 
The BN rat is a high immunoglobulin (particularly lgE) responder rat strain. In 
· some ways the BN rat resembles atopic humans in their genetic predisposition to 
develop allergies. Preliminary experiments in which ovalbumin was used as the 
sensitizing antigen demonstrated that the BN rat is a promising species for the 
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development of a sensitization model (Tryphonas et al., 2003). Although oral 
administration might be considered the most appropriate route as it more accurately 
reflects the most common route of sensitization in humans, exposure of rats to the 
protein allergen ad libitum in drinking water failed to stimulate IgE antibody 
production (Knippels et al., 1998), while there is no doubt that intraperitoneal 
administration of protein or use of an adjuvant avoids the development of oral 
tolerance and provides a clear indication of the inherent ability of proteins to induce 
lgE antibody responses which reflect allergy. And the case is the same in respect to 
m1ce. 
The BALB/c mouse is an inbred strain of good IgE responder. The potential of 
different food allergens to sensitize BALB/c mice via intraperitoneal injections of 
proteins has been examined in a series of experiments detailed by Kimber et al. 
(2003). This approach favors the initiation of vigorous humoral immune responses of 
the immunoglobulin lgG and lgE class and could be used to assess allergenic 
potential for novel proteins. Until now, numerous experiments have suggested that 
the measurement of antibody IgE responses in BALB/c mice is likely to be able to 
identify allergens accurately and to distinguish them from those proteins that 
apparently lack allergenicity. Consistent differences in the vigor of specific lgE 
antibody responses induced in mice by ovalbumin (OVA), a potent respiratory and 
food allergen (Metcalfe, 1985), and by bovine serum albumin (BSA), a protein that is 
considered to have a lesser allergenic potential (Hilton et al. , 1994, 1997), have been 
shown by Dearman and Kimber (2001). Dearman et al. (2003) have exposed female 
-BALB/c mice to peanut agglutinin - an allergen of peanuts, ovalbumin - a major 
allergen from hens' egg and potato agglutinin which is considered to lack significant 
allergenicity, and the experiments were repeated in two different laboratories. They 
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have found consistent results from two laboratories that all of the protein induced 
vigorous IgG and IgG 1 antibody response while the levels of lgE induction 
corresponded to the allergenicity potential of these proteins. Thus, they have 
concluded that proteins clearly immunogenic in terms of eliciting an IgG antibody 
response, as most foreign proteins will do, but which fail under the same conditions 
of exposure to induce lgE antibody production, can be considered of having no 
allergenic potential, and the mouse model is relatively robust that could be 
transferred successfully among laboratories. However, to date only a limited number 
of proteins have been studied in the mouse model and future studies with a wider 
range of proteins of varying allergenic potential is required to make a solid 
confirmation. 
In additional to their usefulness in systemic sensitization research, the BN rat and 
the BALB/c mouse models share many of the human characteristics of allergic 
asthma including immediate bronchial hyper-responsiveness and increased levels of 
IgE antibodies in serum and bronchoalveolar lavage fluid upon exposure to 
respiratory allergens such as dust mite allergens and molds (Tryphonas et al. , 2003). 
Although rodent models are the choices of many labs due to some practical 
considerations, several non-rodent models have also been proven useful in evaluating 
food allergenicity among which two non-rodent animal models bear the most 
consideration: the atopic dog model and the swine model. 
Dogs are commonly found to suffer from food allergy affecting as much as 8% of 
the total canine population approximately (Helm et al. 2003 ). The atopic dog model 
is based on an inbred colony of high lgE producing dogs which has the advantage of 
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correlated increase of circulating antigen-specific lgE after gastrointestinal and 
dermatologic responses upon food allergen challenge in sensitized animals. The 
applicability of the atopic dog model has been proven in a study of the potential 
allergenicity of a genetically modified com line (Tryphonas et al., 2003). 
Pigs have a number of important advantages compared with other animal models 
for investigating the pathogenesis and immune responses to food allergens. They are 
commonly diagnosed of skin and gastrointestinal reactions to foods in veterinary 
medicine, and their gastrointestinal physiology and development of mucosal 
immunity closely resemble that of humans (Helm, 2002). Developing piglets have 
anatomic and nutritional similarities to developing humans, including a tendency to 
become either sensitive to or tolerant of soy and cow's milk proteins. What's more, 
they are born immuno-competent allowing assessment of immune responses (Phillips 
and Tumbleson, 1986). In several veterinary medicine studies, a reduced growth 
performance in pigs fed soybean proteins has been associated with reduced weight 
gain and protein digestibility, which may be caused by a transient hypersensitivity to 
soybean proteins, glycinin, and ~-conglycinin (Helm, 2002). However, the lack of 
antibodies specific for swine lgE has been a limitation of the swine model and in 
consequence, the presence of food antigen-specific lgE in sensitized pigs has not yet 
been confirmed. 
Although at present no single animal model meets the requirements for an ideal 
animal model, and to define a method using experimental animals that will 
accurately predict all aspects of the likely prevalence, persistence and severity of 
food allergy among human populations exposed to a novel protein, is generally 
considered not possible, each of these animal models do have their own merits that, 
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when further validated, ·can contribute significantly to the overall assessment of 
allergenicity to food proteins especially those from the genetically modified products. 
And combined with other assessment assays, they should be able to identify 
accurately intrinsic hazard of a novel protein, or lack of it as a function of the 
potential allergenic risks of the novel protein/food to humans from likely exposure 
patterns. 
2.3 The importance of rice and its nutritional facts 
2.3 .1 The importance of rice 
Food security, the condition of having enough food to provide adequate nutrition 
for a healthy life is a critical issue in the developing countries. Rice, as the staple 
food and primary source of dietary protein for half of the world population, has been 
a primary contributor in improving the world's food security for the past and at 
present (Hossain, 2004) and about 3 billion people world wide depend on rice for 
survival. Compared with meat, rice is much cheaper and easier to produce with a 
lower price that can be afforded by most people in poor areas, and the majority of 
rice, around 92% in total is produced and consumed in Asian, where 70% of the 
world's 1.3 billion poor people reside (Cantrell, 2004). In most of the Asian countries, 
rice is consumed in every meal, and even counts for more than 70% of human caloric 
intake in countries such as Cambodia, Bangladesh and Myanmar according to IRRI 
World Rice Statistics. In Africa, although a whole gain of less than 10% calories 
intake is from rice, in countries such as Madagascar and Sierra Leone, rice counts for 
50% of the energy needs of the people, and there has been a gradually increasing 
demand on rice as food source than other vegetative foods in Egypt, Morocco and 
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Sudan (Badawi, 2004). 
Although rice yields have been increasing s1nce the 1960s, growth in rice 
production failed to catch the growth of population since the 1990s. Indeed, it was 
predicted that the world's population will increase from 6.13 billion in 2001 to 7.21 
billion in 2015 and 8.27 billion in 2030, and the rice production will have to increase 
by 30% by 2025 in order to sustain those who need it for living (Badawi, 2004; 
Cantrell, 2004), whereas rice yields have been threaten by various problems such as 
climate change, access to water and soil erosion. 
2.3 .2 Rice nutritional facts and its relationship with malnutrition 
Protein energy malnutrition, short for PEM, is one of the most lethal forms of 
malnutrition in the world. It is especially dangerous among infants and children due 
to the high need of protein and energy for this group of people, and PEM accounts 
for approximately half of the 10.4 million deaths of children under age of five every 
year. According to estimations from WHO, about one fourth of the children world 
wide are affected by PEM among which 150 million equals to 26.7% in total were 
underweight while 182 million equals to 32.5% in total were stunted. Almost all the 
affected children are from developing countries with 70% from Asia, and the rest 
from Africa, Latin America and Caribbean (WHO/NHD, 2000). 
To sustain normal body function and development, all animals including human 
· need a complete set of 20 amino acids for protein synthesis, 10 out of which cannot 
be synthesized directly by human. These amino acids are called essential amino acids 
which include alanine (Ala, only at infant stage), cysteine (Cys), isoleucine (Ile), 
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leucine (Leu), lysine (Lys), methionine (Met), phenylalanine (Phe), threonine (Thr), 
tryptophan (Try), and valine (Val). The human needs of all of these essential amino 
acids are different and as a result, these amino acids must be obtained from outer 
food source in accordance with their relative amounts of need to maximize food 
usage (Sun, 1999). 
Unfortunately, all of the four cereal crops including rice are estimated to be 
nutritionally imbalanced with respect to the essential amino acids according to WHO 
recommendation, as shown in Table 1 ( Galili and Larkins, 1999) ), with lysine as the 
most limiting one. 
As people in developing countries, where PEM is common, rely on protein mainly 
from cereal crops (Millward, 1999), and around 70% of people suffering from 
malnutrition are from Asia including Indonesia, the Philippines and Indian, where 
rice is the major protein and energy source (Cantrell, 2004; Cohen, 2002; 
WHO/NHD, 2000), it is possible that the prevailing problem of PEM in developing 
countries has relevance to a lack of correct relative amounts of essential amino acids 
in their staple food - cereal crops to meet human needs. The relation between PEM 
and lysine deficiency cereal crops such as rice was further supported by the founding 
that a diet based solely on the high-lysine opaque-2 maize flour have cured children 
who suffered from severe protein malnutrition (Harpstea, 1971 ). 
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Table 1. The essential amino acid composition of cereal grains or flours 


























































aResults are for flour samples, which are derived predominantly from the endosperm, 
expressed as g/1 00 g recovered amino acids. Cysteine and methionine were determined after 
eerformic oxidation. 
Results from dehulled grain 32days after flowering expressed as g/16 g N. Cysteine was 
determined as cysteic acid. 
cg/1 00 g protein. 
dValue for cysteine and methionine together. 
evalue for phenylalanine and tyrosine together. 
(Adapted from Galili and Larkins, 1999) 
2.4 Food allergenicity research in rice 
Like other cereal crops, human allergy to rice has been found among populations 
world wide and also been demonstrated in various studies. Lewis and Imber ( 197 5) 
have found in a study in St. Louis, USA involving 1196 cereal allergic adults and 118 
cereal allergic children that 3 9% of the adults and 6% of the children reacted to rice 
upon skin prick test. Andre et al (1994) have found among 580 patients with adverse 
reactions to food that 17% reacted to rice upon RAST analysis in a study conducted 
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in Pierre Benite, France. Kosugi et al. (1992) have found that among 127 atopic 
patents with bronchial asthma, allergic rhinitis or atopic dermatitis, 12% reacted to 
rice upon MAST analsyis in Okinawa, Japan. Rice allergy is found to be more 
prominent in adults than in children (Lewis and Imber, 1975) and its distribution also 
varies greatly among different geographic areas. In Japan, IgE mediated rice allergy 
takes about one tenth of the total atopic subjects while its prevalence is much lower 
in Europe and the USA, most likely due to the frequency difference of rice 
consumption among different areas. 
Various clinical symptoms are found in patients having rice allergy including 
exercise-induced anaphylaxis, atopic dermatitis, eczema, contact urticaria, diarrhea, 
vomiting, asthma, atopic dermatitis with ocular complications, and food protein 
induced enterocolitis syndrome (Arai et al., 1998; Caffarelli et al., 1997; Cavataio et 
al., 1994; Guinneain et al., 1996; Hoffman, 1975; Ikezewa et al., 1992; Lezaun et al., 
1994; Shibasaki et al., 1979; Shicherer et al., 1998; Uchio et al., 1998). 
Proteins with molecular masses of 14-16, 26, 33 and 56 kDa have been found to be 
potentially allergenic. The 14-16 kDa proteins of a multigene family are considered 
the maJor nee allergens which show significant homology to the 
alpha-amylase/trypsin inhibitor family from wheat and barley (Matsuda et al., 1988, 
Urisu et al., 1991 ). The 26 kDa protein allergen has been identified as the major seed 
storage protein a-globulin (Limas et al., 1990). Another major protein allergen of 33 
kDa protein is found to be a novel type of plant glyoxalase I which shows similarity 
to glyoxalase I from various organisms including human, plant, yeast and bacterium 
(Usui et al., 2001), while the 56 kDa allergen has not yet been identified. 
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Rice allergens are found to show different degrees of cross-reactivities with other 
cereal crops due to the similarity of their sequences with homologous proteins from 
other cereal crops. Lewis and Imber (1975) have found the correlation of skin 
reactivities between rice and four other cereal crops including com, rye, wheat and 
oats to be 50%, 41%, 38% and 35%, respectively among around 1300 cereal allergic 
patients by skin prick test. Lehrer et al. (1999) have found significant RAST 
correlations between rice and com as 95% and between rice and soybean as 81%, as 
well as significant inhibition of IgE binding to rice by com and peanut and vice versa 
among 123 of allergic patients tested. 
The allergenic potential of rice allergens seem to be affected by enzymatic 
digestion or heat treatment. The RAST activity of globulin fraction was found to be 
reduced to as much as 74% by heating at 1 00°C (Shibasaki et al., 1979). Watanabe et 
al (1990) have found that the RAST activities of globulin fractions reduce to more . 
than 50% by papain digestion but unchanged for other enzymes including actinase, 
alpha chymotrypsin, trypsin, pepsin and pancreatin in one rice allergic patient. A 
recent study in India has found that immunoblot with the sera from rice allergy 
patients showed 14-16, 33, 56 and 60 kDa proteins as major IgE-binding components 
whereas boiled rice retained four IgE reactive proteins of 16, 23, 33 and 53 kDa 
(Kumar et al., 2007). 
Glutelin as a maJor nee seed storage protein has also been suggested to be 
allergenic when Shibasaki et al. (1979) found that the glutelin fractions of rice seeds 
- showed considerable cross-reactivity with IgE antibody in individuals who showed 
immediate skin reaction to soluble rice extract. The allergenicity of glutelin is 
affected by heat treatment as the RAST activities of glutelin fraction was found to be 
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reduced up to 60% by heating at 1 00°C for 10 min (Shibasaki et al., 1979). However, 
there is scarce research report on the allergenicity of glutelin thereafter. 
2.5 Glutelin overexpression transgenic rice GT3 
The research on rice, which has probably taken place ever since the time when 
agriculture was invented by the group of Neolithic men and women-the most 
highly successful group of inventors and revolutionaries that the world has ever 
known, consists of numerous aspects including increasing the rice yield, improving 
the rice grain quality to generate a nutrient-rich rice, raising the resistance of rice 
crop to pest as well as harsh environmental stress such as cold weather and salty soil, 
etc. 
Rice grain quality is assessed by its appearance, milling, cooking and eating, and 
nutritional quality, among which cooking and eating, and nutritional quality play a 
very important part, especially the latter. The rice cooking and eating quality is 
determined by the ratio of the two components of starch-the straight chain amylose 
and the branched chain amylopectin, which compose almost 90% of rice dry matter. 
Cooked rice with a high amylose to amylopectin ratio is flaky, dry, hard and separate 
while rice with a low ratio shows just the opposite. Therefore a certain ratio range of 
amylose to amylopectin is essential for a good cooking and eating quality of rice. 
The nutritional quality, which is the most important attribute in rice grain quality, is 
assessed by the amount of storage proteins and their essential amino acids balance, as 
-well as the amount of certain vitamins and minerals (Sun and Liu, 2003). Although 
the hybrid rice and super hybrid rice varieties have a huge yield increase and fed 
many lives worldwide, people relying largely or solely on rice for food often have 
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developed malnutrition related condition due to the fact that the hybrid rice, as 
regular rice, is deficient in the essential amino acids especially lysine. Therefore, 
producing high lysine rice and other cereal crops should be able to alleviate the 
frequent occurrence of malnutrition in developing countries (Galili et al., 2002). 
There are several methods enabled by modem biotechnology that can be used to 
enhance the lysine content in the rice grain. The first method is by modification of 
protein sequence. This can be achieved by modifying the codons of glutelin which is 
the major rice seed storage protein for additional lysine by site-directed mutagenesis 
or insertion of lysine-rich sequence in the variable regions without affecting the 
overall structure, stability and function of the protein. The second method is by 
introducing synthetic protein which can be done by synthesizing a DNA sequence 
encoding protein composed of large lysine content with a stable storage protein-like 
structure in rice grain. The synthesized DNA can then be linked to a seed-specific 
promoter before introduced into the rice genome. The third method is by expressing 
of heterologous protein. In this method, a gene encoding a protein rich in lysine can 
be isolated from any other organisms before it is linked to the seed-specific promoter 
and transferred into rice. The fourth method is by manipulation of homologous 
protein expression. This can be achieved by suppressing the expression of genes 
encoding major storage proteins low in lysine while elevating the expression of 
genes encoding minor storage proteins with a more balanced lysine level. The fifth 
method is by metabolic engineering of the free essential amino acid pool. As lysine is 
synthesized via the aspartate-family pathway, increasing the activity of lysine 
· synthesis enzymes or decreasing the activity of lysine degradation enzymes in the 
pathway can lead to an increase of lysine in its free form, e.g. introducing mutant 
lysine synthesis enzymes aspartokinase and dihydrodipicolinate synthase that are 
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insensitive to lysine feedback. These methods can be grouped into two categories, 
with the first four aiming at increasing the protein-bound lysine and the last one 
targeting at increasing the pool of free lysine. Both categories of methods, if used 
alone, have considerable disadvantages, e.g. the redistribution of essential amino 
acids with a decrease in the free lysine level for the former, and leach of free lysine 
and lost of it during cooking and other processing for the latter. It is suggested that by 
coupling these two groups of methods through enhancing the free lysine pool via 
modification of the lysine synthesis pathway and meanwhile lifting the production of 
lysine rich proteins to trap the free lysine in rich grain, the undesirable effects can be 
reduced with the proper ratio of free and protein-bound lysine in rice grain 
maintained and its desirable level achieved (Sun and Liu, 2003). 
A genetically modified rice variety, named as GT3, has been produced in our lab 
by incorporating the rice homologous glutelin linked with a strong seed specific 
promoter- GTl promoter into the wild type japoniaca rice variety via the traditional 
agrobacteria transformation technique (Liu, 2002). Compared with its wild type 
counterpart, the transgenic rice variety GT3 has an overexpression of glutelin, 
leading to a high seed lysine content closer to the WHO standard, because of the high 
lysine content in the glutelin which is originally a major rice storage protein. 
According to unpublished data from our lab, besides an increase in glutelin content 
in the transgenic rice seed, there is a down regulation of other major seed storage 
proteins including prolamin, albumin and globulin while the total protein content in 
the transgenic rice remains approximately unchanged. Data from our lab also showed 
·that, rats fed with the transgenic rice orally have grown better in terms of body 
weight gain than those fed with the wild type rice, demonstrating in vivo that the 
transgenic rice is nutritionally better than the its wild type counterpart. This 
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transgenic GT3 rice with high lysine content, shows promising prospective to 
alleviate the protein energy malnutrition in people mainly fed on rice from 
developing countries. 
2.6 Recent and future perspectives for treatment of food allergy 
Once the diagnosis of a food allergy is confirmed, the most effective and reliable 
therapy is to avoid the specific food that contains the allergen especially for the 
non-IgE mediated food allergy, since there is -no effective clinical therapy for food 
allergy until now. Patients should be educated to recognize and avoid food and 
products that they are allergic to, and also to be able to use self-injectable 
epinephrine in case of emergency (Sampson, 1999). New food-labeling laws have 
been launched in the USA since 1 anuary 2006 in which simple terms to indicate the 
presence of major food allergens is required. And comprehensive educational 
materials on food allergens are available through organizations such as the Food 
Allergy and Anaphylaxis Network at http:/ /www.foodallergy.org (Sicherer and 
Sampson, 2006). 
The past few years have seen a tremendous growth of knowledge and interest in 
the area of food allergy and a number of therapeutic medications have emerged 
which show promising prospective towards food allergy. In a double-blind 
placebo-controlled study of anti-IgE antibody therapy, the peanut allergic patients 
after monthly injections of anti-IgE antibodies have been demonstrated to require 
- significantly higher amounts of peanut protein for eliciting an allergic response than 
before the injection (Leung et al., 2003). A nonspecific therapy using a concoction of 
traditional Chinese herbs has shown promise in a mouse model of anaphylaxis in 
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which the Chinese herbs preparation completely protected the mtce during 
subsequent peanut challenges and reduced the levels of peanut specific lgE and T H2 
response (Li et al., 2001). In one immunotherapy approach, the lgE binding to 
individual epitopes has been found to be reduced greatly through altering of the 
immunodominant epitopes of the three major allergens in peanut- Ara h 1, Ara h 2, 
and Ara h 3 (Shin et al., 1998). Other immunomodulatory approaches have found 
that using immunostimulatory sequences can be effective in reversing lgE mediated 
sensitization in patients of ragweed allergy (Horner and Raz, 2002; Marshall et al., 
2001 ). Another potential immunotherapeutic approach of using chimeric proteins that 
can form complexes with allergen specific lgE bound to mast cells and basophils 
have also be found useful (Kepley et al., 2003; Zhu et al., 2002). 
Another strategy which have shown promising prospective towards food allergy 
treatment recently has been to produce hypo-allergenic foods by either removing the 
protein allergens from the food before consumption, or removing them directly from 
the food source or making them less allergenic via genetic engineering. Among all 
the allergenic food, rice has been the major one that attracts most of the 
hypo-allergenic studies. Many efforts, for instance with protease, alkali or 
hyperpressure treatment, have been made to produce hypoallergenic rice by 
removing the allergenic proteins from the rice with several products proved effective 
for the diet of rice allergic individuals with atopic dermatitis. A variety of 
hypo-allergenic transgenic rice has also been produced using antisense RNA leading 
to a reduced production of the 14-16 kDa proteins which are considered as major rice 
· allergens (Tada et al., 1996). However, when producing hypo-allergenic rice, it 
should be better to reduce the allergenicity of the rice allergens instead of removing 
the allergens from the rice, as the latter might lead to a loss of nutritional values or 
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other physiological changes in rice. This can be achieved by modifying the DNA 
coding sequence in the core epitope regions of the rice protein allergens to render 
them less allergenic. Although few studies have reported production of 
hypo-allergenic food using this approach so far, it will definitely become more 
predominant in the future as not only in rice, but also in many other food, the core 
epitope regions have been examined and identified (Helm et al. , 2000; Rabjohn et al. , 
1999; Shim et al. , 2001). 
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Chapter 3. Materials and Methods 
3 .1 Rice Seed Protein Extraction 
3 .1.1 Rice varieties for protein extraction 
The high lysine transgenic GT3 rice (Liu, 2002) and its wild type counterpart 
Oryza sativa japonica cultivar 9983 were used in all experiments of this research 
unless otherwise specified. 
3.1.2 Protein extraction from rice seeds 
Rice seeds harvested were dehulled by dehulling machine and ground to flour in 
mortar using pestle. Different extraction buffers were prepared to extract total protein 
from rice for result comparison as follows: 
Buffer A: 125 mM Tris-HCl, pH 6.8, 4M urea, 4% Sodium Dodecyl Sulfate (SDS), 
5% ~ mercaptoethanol in ddH20 
Buffer B: 0.2% NaOH in ddH20 (Kumagai et al. , 2006) 
Buffer C: 0.2% NaOH, 0.25M NaCl in ddH20 
Buffer D: 0.2% NaOH, 0.5M NaCl in ddH20 
Buffer E: 0.2% NaOH, 25% Ethanol in ddH20 
Buffer F: 0.2% NaOH, 50% Ethanol in ddH20 
Three grams of rice flour were mixed completely with 15ml of each extraction 
buffer in a 50ml Falcon tube. The Falcon tube was then immerged into an ice box 
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and the mixture solution was sonificated for 3 min by a sonifcation machine. After 
coolling down, the mixture solution was transferred to a special centrifuge tube and 
centrifuged at 25,000 g for 15 min. The supernatant was collected and the 
precipitates were resuspended in the same volume of extraction buffer. The same 
procedures were repeated twice and all the supernatants were collected and pooled 
together. 
3 .1.3 Fractionation of major rice seed storage proteins 
Rice seed is composed of four kinds of major storage proteins including glutelin, 
prolamin, globulin and albumin. Glutelin accounts for around 80% in total and is 
soluble in weak acid or alkaline. Prolamin accounts for around 1 0% and is 
alcohol-soluble. Globulin and albumin both account for around 5% and are 
salt-soluble and water-soluble, respectively (Chavan and Duggal, 1978). 
The albumin protein portion of the rice seed was extracted by mixing 3 gram of 
rice flour thoroughly with 15 ml of ddH20 in a 50 ml Falcon tube. The Falcon tube 
was then immerged into an ice box and the mixture solution was sonificated for 3 
minutes by a sanification machine. After cooling down, the mixture solution was 
then transferred to a special centrifuge tube and centrifuged at 25,000 g for 20 min. 
The supernatant was collected and the precipitates were resuspended in the same 
volume of extraction buffer. The same procedures were repeated twice and all the 
supernatants were collected and pooled together. The globulin protein portion of the 
· rice seed was extracted by mixing 15ml of 0.5M NaCl in ddH20 with the precipitates 
left from albumin extraction and the following procedures were the same as the 
extraction procedures of albumin. The prolamin protein portion of the rice seed was 
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extracted by mixing 15ml of 60% of n-Propanol in ddH20 with the precipitates left 
from globulin extraction, and the following procedures were the same as the 
extraction procedures of albumin. The glutelin protein portion of the rice seed was 
extracted by mixing 15ml of 1% of lactic acid in ddH20 with the precipitates left 
from prolamin extraction, and the following procedures were the same as the 
extraction procedures of albumin. 
3 .1.4 Protein quantification 
Bio-Rad Bradford Protein Assay was used for protein quantification in the solution 
after extraction. The dye reagent was prepared by diluting 1 part of Coomassie 
Brilliant Blue G-250 Dye Reagent Concentrate from Bio-Rad with 4 parts of 
autoclaved ddH20 right before the experiment. Four dilutions of bovine serum 
albumin (BSA), from 0.2 mg/ml to 0.8 mg/ml were prepared as standards, as the 
linear range of the assay for BSA is from 0.2 to 0.9 mg/ml. The sample solutions to 
be tested were diluted for 5 times and 10 times. Twenty ul of each standard and 
sample solution was pi petted into a clean, dry 1.5 ml Eppendorf microcentrifuge tube 
in duplicate. The diluted dye reagent 1 ml was then added to each tube and vortex to 
mix thoroughly. The mixture was incubated at room temperature for 5 min, and 
absorbance was measured at 595 nm by a spectrophotometer. The concentration of 
the protein solutions were calculated based on the BSA standards. The solutions 
containing rice total protein were diluted to 1.25 mg/ml using 1x PBS solution (137 
mM NaCl, 2.7 mM KCl, 4.3 mM Na2HP04, 1.47 mM KH2P04, pH 7.4). The 
· solutions containing glutelin and other major storage protein portions were diluted to 
1.0 mg/ml using 1 x PBS solution. Part of the protein solutions was stored at 4 °C for 
usage within a few days. The rest of the protein solutions was aliquot into 1.5 ml 
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Eppendorftubes and stored at -20 °C for subsequent usage in mouse models. 
3.1.5 Tricine SDS-PAGE 
The protein quantity and quality in the extracted solutions were examined by 
Tricine Sodium Dodecyl Sulfate Polyacrylamide Gel Eletrophoresis (Tricine 
SDS-PAGE). 
Eight ul of the diluted 1.25 Jlg /ml protein solution containing rice seed total 
protein and 10 ~1 of the diluted 1 ug/ml protein solution containing rice seed glutelin 
were mixed with equal volume of2X sample loading buffer (0.0625 M Tris-HCl, pH 
6.8, 2 % SDS, 0.2 M EDTA, 10 % glycerol, 0.01% bromophenol blue and 1 % 
P-mercaptoethanol) respectively in a 1.5 ml Eppendorf tube and incubated in a 
thermomixer at 99°C for 5 minutes. The samples were then centrifuged at 15,000 g 
for 20 min and loaded into wells of 1 mm slab tricine SDS-PAGE gel and 
fractionated by the 6% polyacrylamide gel with a 5% polyacrylamide stacking layer. 
Electrophoresis was run at 30 V for 30 min followed by 90 V for around 90 min 
using tricine gel anode buffer (0.2 M Tris base, pH 8.9) and cathode buffer (0.1M 
Tris-base, 0.1 M tricine, pH 8.25). Eight ul of the molecular weight markers from 
Promega was run together with the samples. 
After electrophoresis, the gel was emerged in the staining solution (2.5 g brilliant 
blue R, 70 ml acetic acid, 400 ml methanol in 1 L of ddH20) at room temperature for 
· 30 minutes on a shaker. The gel was then transferred in the destain solution ( 450 ml 
methanol, 100 ml glacial acetic acid in 450 ml ddH20) for 1 hour for the first time, 
and overnight for the second time at room temperature on a shaker. Finally, the gel 
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was sandwiched in plastic films, dried and photographed. 
3.2 Simulated Gastric Digestibility Assay 
3.2.1 Assay System 
The simulated gastric digestibility assay is used to test the pepsin digestibility of 
the proteins from the high lysine transgenic GT3 rice variety and its wild type 
counterpart WT rice. The preparation of the simulated gastric fluid and the digestion 
procedures are mostly adapted from the methods described by Thomas et al. (2004). 
The pepsin activity assay is based on the method from Sigma to determine the pepsin 
activity. One unit of pepsin is defined as the amount that will produce a ~A280 of 
0.001 per min at pH 2.0 at 37 °C, measured as TCA-soluble products using 
hemoglobin as substrate. 
3 .2.2 Preparation of Simulated Gastric Fluid 
The simulated gastric fluid reaction buffer was prepared by adding 245.6 mg of 
NaCl to 118.4 ml of ddH20. The pH of the reaction buffer was adjusted to pH 2.0 
using 6N HCL pH 2.0 was used in this experiment instead of pH 1.2 because the pH 
of the gastric acid is always 2 to 3 in the human stomach lumen, and thus pH 2 might 
mimic the human gastric fluid environment better and at the meantime allow a good 
reactivity of the enzyme pepsin. 
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3.2.3 Assay Procedures 
The simulated gastric fluid was preincubated at 3 7 oc in the thermo mixer for 2 
min. The protein solutions were then added to the fluid with the appropriate ratio of 
10 units of pepsin activity per microgram of the test proteins in the digestion mixture. 
A fixed volume of the digestion reaction mixture was withdrawn at fixed time 
intervals including 0, 30 sec, 1 min, 2 min, 5 min, 10 min, 20 min, 30 min and 60 
min. The volumes withdrawn were immediately mixed with a neutralization solution 
(200 mM NaHC03 in ddH20, pH 11) and an equal volume of 2X protein loading 
buffer and heated to 99 oc for 10 min to stop the reaction. The samples were then 
used directly for the tricine SDS-PAGE analysis same as mentioned above. Test 
proteins in the reaction mixture without pepsin, and pepsin alone in the reaction 
mixture without the test proteins were used as controls in the experiments. 
3 .2.4 Results Interpretation 
The stability of the protein is estimated by the time required to reach 90% 
digestion by pepsin. This can be achieved by comparing the 1 0% undigested standard 
with the band intensities of the samples at different time intervals. Proteins with any 
fragments generated that are above approximately 3 kDa are also considered as 
stable or partially stable. Proteins with more than 10% full-length protein band 
intensity remaining at after 30 min are considered stable. Proteins reduced to less 
than 10% band intensity at 5 to 30 min are considered intermediate stable. Proteins 
reduced to less than 10% band intensity by 2 min are considered labile (Indian GMO 
Research Information System, 2008). 
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3.3 Construction of Mouse Models 
3.3.1 Mouse strain and reagents used 
Adult female Balb/c mice of 6 to 8 weeks were chosen as the mouse strain used in 
all the mouse model experiments due to their high lgE response and common usage 
in food allergy study. All the mice were obtained from the Laboratory Animal 
Services Center, the Chinese University of Hong Kong. The mice were kept in the 
Animal House of the Department of Biology, the Chinese University of Hong Kong, 
and standard guidelines for animal care and use of animals were strictly followed. 
The rice proteins studied in the mouse models including total protein and glutelin 
from both GT3 rice and WT rice were obtained from the best rice protein extraction 
(see above extraction methods). The control proteins, including ovalbumin (OVA) 
from chicken egg white and bovine serum albumin (BSA), were purchased from 
Sigma. The concentrations of the protein solutions used were 1.25 mg/ ml for WT 
and GT3 total protein, while the rest of the protein solutions including WT and GT3 
glutelin, OVA in PBS, and BSA in PBS were 1.0 mg/ml. 
The aluminum adjuvant was prepared by adding 100 ml of 5% NaOH solution 
slowly to 250 ml of 5% Ah(S04)3 solution with vigorous stirring. The mixture was 
centrifuged at 15,000 g for 20 min and supernatant discarded. The precipitate was 
washed with 0.9% NaCl solution for 2 times, weighed and then resuspended in 0.9% 
· NaCl solution to a final volume of 250ml. Five mg of aluminum adjuvant was used 
per time per mouse injection. 
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3.3.2 Mouse Model I 
Mouse Model I was set up to compare the potential allergenicity between the total 
protein from the GT3 rice and the total protein from WT rice, as well as between the 
glutelin in the WT rice and the glutelin in the GT3 rice after its overexpression. In 
order to achieve this purpose, eight groups of mice were included in the mouse 
model with 5 mice per group. Four groups were injected intraperitoneously or fed 
with WT total protein, GT3 total protein, WT glutelin and GT3 glutelin respectively 
for potential allergenicity comparison. Two groups were injected intraperitoneously 
or fed with PBS or nothing as negative and naYve controls. The other two group were 
injected intraperitoneously or fed with OVA and BSA respectively as a positive 
control and a minor positive control as OVA is considered as a major food allergen 
while BSA is considered as a minor food allergen (Hilton et al., 1994, 1997; Metcalfe, 
1985). 
At Day 0, each group of mice were injected intraperitoneously with 100 ul of the 
protein solution in PBS together with 5 mg of aluminum adjuvant to deliberately 
immunize the mice. The same procedure was repeated once again at Day 7. Starting 
from Day 14, the mice were fed intragastrically with 1 OOul of the protein solution 
every other day for about one month. The mice sera were collected on a weekly basis 
for subsequent lgG 1, IgG2a and lgE tests which are important parameters for 
examing mice allergy. The allergic response test was performed at the end of the 
study and mice exterminated. A draft of the mouse model setup was show in Figure 
3.1. 
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Figure 3.1. Mouse Model I protocol. Balb/c mice were injected intraperitoneously with the 
proteins together with the aluminum adjuvant twice at weekly interval and then fed with the 
proteins every other day for more than one month. The sera were collected weekly to 
examine IgE, IgG 1 and IgG2a levels and the allergic response study was performed at the 
end of the study. 
i.p.: intraperitoneous injection 
i.g.: oral gavage 
a) Mice sera collection and storage 
Mouse blood was collected weekly from Orbital Sinus of the mice using 20ul 
capillary blood collection tube from the Beijing Red Star Medical Equipment 
Corporation. The mouse blood was placed in 37 °C incubator for 30 min, and 
centrifuged at 2,000 g for 10 min at 4 °C to separate serum from red blood cells. The 
·serum was collected, aliquot and stored at- 20 °C for subsequent analysis. 
b) IgG 1, IgG2a and lgE analysis using Direct ELISA test 
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Pre-experiments of ELISA were done and the concentration of protein antigens to 
coat the plate was determined as 5 Jlg /well, while the sera dilution for lgE testing 
was set at 10 times dilution. 
The wells of 96-well high binding microplates were coated with 1 OOul of 50 Jlg 
/ml antigen proteins in the coating buffer (5.3 g Na2C03 , 4.3 g NaHC03 in 1 liter of 
ddH20, pH 9 .6), and the plates were incubated at 4 °C overnight. The plates were 
washed three times with 1x PBST (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HP04, 
1.47 mM KH2P04, 0.05% Tween 20, pH 7.4) by a microplate washer. The plates 
were then blocked at 3 7 °C for 1 hour with 200 ul of PBS containing 5% defatted 
milk. The plates were washed three times with PBST by the microplate washer. The 
sera were diluted with PBS containing 2% defatted milk and 100 ul of the diluted 
sera were added to each well of the plates. The plates were incubated at 3 7 °C for 1 
hour and then washed for five times with PBST. The secondary antibodies were 
diluted with PBS containing 2% defatted milk and 100 ul was added per well. The 
plates were again incubated at 3 7 °C for another 1 hour and washed for five times 
with PBST. Commercial tetramethylbenzidine (TMB) solution 100 ul was then added 
to each well and the plates were incubated at 3 7 °C for 20 min before addition of 100 
ul IM sulfuric acid per well. The optical density (OD) was read at a wavelength ratio 
of 450 I 620 nm. 
Mouse sera total IgG levels were tested at Day 21 to check for the success of the 
·sensitization in mice by the adjuvant. For testing the levels of mouse sera IgG 1 and 
IgG2a, the sera were diluted ten-fold serially from 103 times to 107 times. The 
horseradish peroxidase (HRP) conjugated goat anti-mouse IgG 1, IgG2a, and IgE 
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were purchased from Sero-tec, UK, and diluted 1000 times as the instruction from 
the producer for ELISA. 
c) Allergic Response Test 
At the end of the mouse model experiment, mice were challenged with the protein 
of sensitization by intravenous injection of 0.25 mg of the protein in PBS solution at 
the tail. Reduction of body temperature was recorded by an auto surface temperature 
detector from 0 to 30 min after the protein injection. The presence of any 
anaphylactic symptoms was carefully observed and recorded in a scale of response 
scores. The scores were assigned according to the degrees of the symptoms with a 
higher score corresponding to a more severe symptom (Sun et al., 2007). The 
symptom score evaluation standard was shown in Table 2. 
Scores Symptoms 
0 No obvious symptoms 
1 Scratching and rubbing around the nose and head 
2 Puffiness around eyes, reduced activity with increase respiratory 
rate 
3 Wheezing, labored respiration, stationary even if provoked 
4 Lie down and shock 
5 Death 
Table 2. Symptoms corresponding to scores assigned to each mouse upon allergen challenge 
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d) Statistical analysis 
The results were plotted by Microsoft Office Excel and GraphPad Prism 5. For the 
IgE levels comparison, the data were analyzed by two way ANOVA with P values 
less than 0.05 considered as significant. 
3.3.3 Mouse Model II 
Until now, most researches on the potential allergenicity of a certain protein have 
used raw proteins in the mouse models. The processes of proteins have become an 
important concern because human normally eat processed food instead of raw food 
most of the times and food processing are believed to be able to alter the allergenicity 
of the food to human. Some food allergens possess both conformational epitopes and 
sequential epitopes, among which the conformational epitopes have been found to be 
destroyed after cooking or hydrolysis leading to a decrease in the food allergenicity 
(Urisu et al., 1997; Yamada et al., 2000). 
Mouse Model II was set up to compare the potential allergenicity between the 
cooked total protein from the GT3 rice and the cooked total protein from WT rice, as 
well as between the cooked glutelin in the WT rice and the cooked glutelin in the 
GT3 rice. While some foods are frequently eaten freshly such as vegetable and 
certain animal meat used for the Japanese Sushi, rice is always consumed after 
cooking in almost all the cases. Because of this, the second mouse model aimed to 
more accurately reflect the potential allergenicity of the proteins tested than the first 
mouse model. In order to compare the potential allergenicity of the tested proteins 
before and after cooking, Mouse Model II was done in parallel with Mouse Modell. 
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Six groups of mice were included in the Mouse Model II with 5 mice per group. 
Four groups were injected intraperitoneously or fed with cooked WT total protein, 
cooked GT3 total protein, cooked WT glutelin and cooked GT3 glutelin respectively 
for potential allergenicity comparison. Two groups were injected intraperitoneously 
or fed with PBS or nothing as negative and naYve controls. The cooked proteins were 
obtained by diluting the extracted protein solutions to the required concentrations 
using PBS. The proteins in PBS solutions were adjusted to pH 7 to prevent 
hydrolysis upon heating. The protein solutions were then heated to 99 °C for 15 min 
and cooled down before use on mice, to mimic the rice cooking procedures for 
human consumption. The other procedures were the same with that of the Mouse 
Modell. 
3.3.4 Mouse Model III 
The first two mouse models have used aluminum adjuvant to deliberately 
immunize the mice and avoid oral tolerance. While animals especially rodents are 
often found to develop oral tolerance to the ingested proteins, the oral route without 
adding adjuvant is nevertheless generally considered the most appropriate route of 
exposure for mimicking human allergy induction. As most of the experiments that 
have found oral tolerance in rodents to known allergens were done on a short time 
basis, the Mouse Model III in this research was set up to orally feed the mice without 
the adding of adjuvant, to further mimic human consumption process and hopefully 
to breach the oral tolerance in mice by a long term basis of feeding. 
Seven groups of mice were included in the mouse model with 5 mice per group. 
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Four groups were fed with WT total protein, GT3 total protein, WT glutelin GT3 
glutelin respectively for potential allergenicity comparison. Two groups were fed 
with PBS or nothing as negative and naive controls. The remaining one group was 
fed with OVA as a positive control. The mice were fed intragastrically with the 
proteins in PBS solution every other day from the start for two months. The other 
procedures were the same with that of the Mouse Model I. A draft of the mouse 
model setup was show in Figure 3.2. 
Mice Moclel III 
0 
I I I I I I I I I I I I I I I I I I I I I I I I 
()t·al gavage eve1·)7 othet· day 
1. Serun1 IgE, IgCi1 /IgCi·2a 
2. Allergic. response stud~y 
Figure 3 .2. Mouse Model III protocol. Balb/c mice were fed with the protein every other day 
for more than two months. The sera were collected weekly to examine lgE, lgG 1 and lgG2a 
levels and the allergic response study was performed at the end of the study. 
i.g.: oral gavage 
3.4 Bioinformatic Analysis of Glutelin Sequence 
Glutelin is one of the major storage proteins in rice seed accounting for almost 
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80% of the rice seed total protein content. For the rice allergy study, most of the 
researches have been done on globulin and albumin both of which are rice seed 
major storage proteins amounting to about 5% of the total protein content, and both 
of them have found to be potential allergenic (Ikezawa et al., 1992a; Limas et al., 
1990; Urisu et al., 1991 b), while little research has been done on the potential 
allergenicity of glutelin. Also, an overexpression of glutelin is the major difference 
between the high lysine transgenic GT3 rice and the WT rice. As the concerns of 
allergenicity of the transgenic food lie mainly on the difference resulted in the novel 
transgenic food compared with its wild type counterpart, study on the potential 
allergenicity of glutelin would play an important role in both the rice basic research 
and for safety assessment of the transgenic GT3 rice. 
Based on the primary sequence of rice glutelin shown in Figure 3.3, three online 
bioinformatic analysis tools were used to check if rice glutelin is potentially 
allergenic or if it will be immunologically cross-reactive with other protein allergens 
to provoke allergic reactions to human that are already sensitized to these allergens. 
The online bioinformatic analaysis tools are from three of the most famous online 
allergen databases including: 
Allergen Online at http:/ /www.allergenonline.com/ 
Allermatch at http://www.allermatch.org/ 
Algpred at http:/ /www.imtech.res.in/raghavalalgpred/index.html 
The Allergen Online was build by the University of Nebraska-Lincoln, the USA and 
contains a comprehensive list (1386 sequence entries) of unique proteins of known 
-and putative allergenic proteins (food, airway, venom/salivary and contact). The 
Allermatch was constructed by the Wageningen University and Research Center in 
Wageningen, the Netherlands and contains known allergenic proteins that have been 
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listed by the SwissProt/TrEMBL Protein Knowledgebase and the list of allergen 
nomenclature of the joint World Health Organization and International Union of 
Immunological Societies (WHO-lUIS). The Algpred was build by the Bioinformatics 
Center of Institute of Microbial Technology, India, which contains 578 allergens and 
700 non-allergens from Bjorklund et al (2005) and allows for the prediction of 
allergens and potential epitopes based on different analysis mechanisms such as 










Figure 3.3 The protein sequence of glutelin 1 from the rice japonica cultivar 9983 
In the first two analysis websites, the protein sequence of rice glutelin was 
analyzed by 80 amino acid alignments by FASTA, 8 amino acid exact match, and 6 
amino acid exact match (Goodman, 2006; Kleter and Peijnenburg, 2002; Kleter and 
Peijnenburg, 2003). In the 80 amino acid alignment analysis, sliding windows of 80 
· amino acids in the glutelin sequence searches were performed looking for identities 
greater than 35% with the sequences in all the protein allergens in the databases. In 
the 6 or 8 amino acid exact match, searches for exact matches of a consecutive 6 or 8 
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amino acid sequence between the sequence of glutelin and all the food allergens in 
the databases were performed. These two search criteria are based on the CODEX 
Alimentarius guidelines, 2003 which states that any protein sharing greater than 35% 
similarity with another known food allergen in an 80 amino aicd sequence, or having 
6 to 8 exact amino acid match with another known food allergen, is likely to be 
cross-reactive with this food allergen and cause allergy reactions in human. In the 
third analysis website, a hybrid analysis was performed by incorporating a series of 
approaches including searching MEME/MAST allergen motifs using MAST, 
searching a database of known IgE epitopes, BLAST search against allergen 
representative peptides, and predicting of allergens based on SVM modules using 
amino acid and dipeptide composition (Saha and Raghava, 2006). 
3.5 Epitope Mapping of Glutelin 
3.5.1 Bioinformatic Analysis 
Finding the potential epitope regions of glutelin not only will aid in the basic 
research of the understanding of the protein sequence that can cause food allergy, but 
also be proved quite useful in producing hypo-allergenic rice by altering the epitope 
sequences to render them less or none allergenic. Because the epitopes are 
recognized and presented by the major histocompatibility (MHC) complex Class II 
molecules, an online analysis tool http://www.cbs.dtu.dk/services/NetMHCIII 
designed by the Technical University of Denmark, Denmark was used in this study 
· (Nielsen et al., 2007). Analysis was performed to find the peptide sequences in 
glutelin that might have considerable binding affinity with a series of MHC Class II 
molecules including 14 HLA-DR alleles covering the 9 HLA-DR supertypes, four 
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HLA-DP, four HLA-DQ and three mouse H2 alleles, using a novel stabilization 
matrix alignment method called SMM -align. Based on the results together with these 
obtained from the above mentioned three allergen databases, the peptide regions in 
rice glutelin that are most likely to be the epitopes were sent for synthesis for 
subsequent studies. 
3.5.2 Direct and Competitive ELISA 
The predicted peptides of potential epitopes of glutelin were evaluated for their 
binding capacities to the glutelin specific IgE in the mice that was sensitized by 
glutelin in the Mouse Model I. 
Direct ELISA was used by coating the 96 wells of the microplates with 1 00 ul of a 
series of concentrations of the synthesized peptides in the coating buffer. Ten times 
dilution of the mixed sera from mice sensitized by glutelin was used as the primary 
antibody and the goat anti-mouse IgE was used as the secondary antibody in the 
Direct ELISA experiment. The rest procedures were the same as mentioned above in 
the Mouse Model I. 
For competitive ELISA, first, 100 Jll of 50 Jlg /ml glutelin in the coating buffer was 
used to coat the wells of the microplates overnight. The mixed sera from mice 
sensitized by glutelin were mixed with different concentrations of each synthesized 
peptide in the PBS solution containing 2% defatted milk at 3 7 °C for 1 hour to allow 
· for binding of the compatible peptides with the glutelin specific IgE. The mouse sera 
incubated at 3 7 °C for 1 hour with PBS solution but no synthesized peptides were 
used as negative control, while the mouse sera incubated with different 
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concentrations of glutelin in PBS solution were used as positive control. After 
blocking and washing, 100 ul of the sera mixture was added to the plates 
immediately and incubate at 3 7 °C for 1 hour. The rest procedures were the same as 
mentioned above for the Direct ELISA. 
The data obtained were plotted and analyzed by Microsoft Office Excel. 
3.5.3 Western Blot Analysis 
Because glutelin in rice seed consists of the 57 kDa pro glutelin, the 3 7 - 39 kDa 
acidic subunit, and the 20 - 22 kDa basic subunit with the latter two derived from the 
first one by posttranslational cutting (Yamagata et al., 1982), Western blot was used 
to find out the epitope distribution of the glutelin among these three parts. 
Five ~g of glutelin in the extraction solution was first separated by tricine 
SDS-PAGE as mentioned previously. The proteins were then blotted onto 
polyvinylidene difluoride (PVDF) membrane (Bio-Rad) using Mini-Trans-Blot 
system (BioRad) as described in the user manual. The PVDF membrane was 
emerged sequentially in 100 % methanol for 10 second, ddH20 for 2 min, and in cold 
Towbin buffer ( 48 mM Tris, 39 mM Glycine, 20 % methanol, 4 °C) for 10 minutes 
before protein transfer. Electro-transfer was performed at constant voltage of 15 V 
for 15 min in Towbin buffer. Following protein transfer, the membrane was rinsed 
with the washing buffer 1x TBST (8.8 g NaCl, 0.2 g KCl, 3 g Tris Base, 500 ul 
·Tween-20 adjusted to 1 liter with ddH20) briefly, emerged in blocking buffer (1 x 
TBST with 5% defatted milk), and kept on a shaker in 4 °C cold room overnight. 
After washed briefly with the washing buffer, it was kept on a shaker at room 
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temperature for 1 hour in the mixed sera from glutelin sensitized mice which was 
diluted 20 times with 1x TBST plus 2% defatted milk. After that, the membrane was 
washed three times for 5 min and 1 time for 20 min with the washing buffer before 
incubation on the shaker at room temperature for 1 hour in HRP conjugated goat 
anti-mouse IgE antibody solution which was diluted 2,000 times with 1x TBST plus 
2% defatted milk. The washing procedure was repeated as the previous time and the 
membrane was subjected to non-radioactive detection with chemiluminescent HRP 
substrate (Amersham ECL™) as described in the manual of Amersham ECL ™ 
western blotting analysis kit. 
3.5.4 IgE-binding assay 
Forty-three overlapping peptides throughout the glutelin acidic subunit sequence 
with each peptide 15 amino acids long and offset from the previous peptide by eight 
amino acids were synthesized on a membrane by JPT Peptide Technologies GmbH 
(Germany). The membrane was rinsed with a small volume of methanol for 5 min 
and washed three times with an appropriate volume of TBS (50mM Tris; 137mM 
NaCl; 2.7mM KCl; adjust pH to 8.0 with HCl) for 10 min each. The membrane was 
then blocked with blocking buffer (lx TBS plus 5% defatted milk) overnight at 4°C 
with shaking, followed by incubation on a shaker at room temperature for 3 hours in 
the mixed sera from glutelin sensitized mice which was diluted 20 times with the 
blocking buffer. The membrane was then washed three times with the same volume 
of TBS for 5 min each and incubated on the shaker at room temperature for 2 hours 
· in HRP conjugated goat anti-mouse IgE antibody solution which was diluted 2,000 
times with blocking buffer. Finally, the membrane was washed three times with the 
same volume ofTBS for 5 min each, and the detection procedure was the same as the 
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Western Blot Analysis. 
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Chapter 4. Results and Discussion 
4.1 Rice Seed Protein Extraction 
4.1.1 Rice Protein Extraction 
Six different extraction buffers were used for extraction of total proteins from GT3 
and WT rice. Extraction buffer A was used commonly and has been demonstrated to 
be able to extract all the proteins in rice seed efficiently. Because the proteins 
extracted will be used in the mouse models, and as extraction buffer A contains some 
toxic chemicals which might affect mouse such as B-mercaptoethanol, this extraction 
buffer is not applicable in this study and the extraction results were used only as a 
standard comparison to evaluate the results by other extraction buffers. Extraction 
buffer B was adapted from an alkaline extraction method developed by Kumagai et 
al. (2006) in which they found only a certain amount of prolamin was missed in the 
rice seed total protein after extraction by the extraction buffer. Aiming at improving 
the extraction results from buffer B, several concentrations of NaCl were used in 
Buffer C and D to extract more globunin which is salt soluble while several 
concentrations of ethanol were used in Buffer E and F in order to extract more 
prolamin which is alcohol soluble. The results of extraction by different buffers were 
shown in Tricine SDS-PAGE gel in Figure 4.1 and Figure 4.2. According to the 
results, although the extraction efficiency by buffer B is not as much as by buffer A, 
the relative ratios of individual proteins extracted by buffer B are very similar to 
those extracted by buffer A for both GT3 and WT rice. Also, adding NaCl or alcohol 
to the 0.2% NaOH solution does not increase the extraction efficiency of globulin or 
60 
prolamin, but seems to decrease the extraction efficiency of the total protein judging 
by the decreases in the band intensities in the gel lanes. As a result, extraction buffer 
B was used to extract G T3 and WT rice seed proteins in all the subsequent 
experiments unless otherwise mentioned. 
Lanes: 1 2 3 
Proglutelin ---+ 
Glutelin acid acid unit --+ 











A1bum1n: 1~16 Globu1in: 26 
PHrglutelin: 57 Glutelin: 2:2·23. 32-3-1 
Prolamin: 10. 13. 16 
Figure 4.1 Tricine SDS-PAGE showing extraction of total protein from nee seeds by 
different extraction buffers. 6% polyacrylamide gel with 40 f.lg protein loaded per lane. Lane 
1: GT3 rice proteins by Buffer F; Lane 2: GT3 rice proteins by Buffer E; Lane 3: GT3 rice 
proteins by Buffer D; Lane 4: GT3 rice proteins by Buffer C; Lane 5: GT3 rice proteins by 
buffer B; Lane 6: WT rice proteins by Buffer B; Lane 7: GT3 rice proteins by Buffer A; Lane 
8: WT rice proteins by Buffer A. 
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Albunlin: 14-16 
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Glutelin: 22·23 32 .. 34 
Figure 4.2 Tricine SDS-PAGE showing extraction of total protein from rice seeds by 
extraction buffers A and B. 6% polyacrylamide gel with 40 J.lg protein loaded per lane. Lane 
1: Protein Markers; Lane 2: WT rice proteins by Buffer A; Lane 3: GT3 rice proteins by 
Buffer A; Lane 4: WT rice proteins by Buffer B; Lane 5: GT3 rice proteins by buffer B. 
4.1.2 Extraction of rice major seed storage protein fractions 
Each fraction of rice seed major storage proteins was extracted from GT3 and WT 
rice by the methods that are commonly used based on the solubility of each major 
storage protein: water soluble albumin, salt soluble globulin, alcohol soluble 
prolamin and acid or alkaline soluble glutelin. The extracted proteins were evaluated 
by tricine SDS-PAGE and the results were shown in Figure 4.3. From Figure 4.3 , we 
can see that GT3 rice has a remarkable increase in the percentage of proglutelin 
while decrease percentages of other proteins including globulin and prolamin 
compared with WT rice. 
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After extraction, the extracted proteins were quantified using Bio-Rad Bradford 
Protein Quantification Kit and diluted to the desired concentrations using PBS 
solution. The validity of the quantification was rechecked by loading 10 ~g of each 
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Ptolamif!l : 10. 13. 16 
Figure 4.3 Tricine SDS-PAGE results showing extraction the major four portions of rice 
seed storage proteins. 6% polyacrylamide gel with an equal amount of 20 1-1g protein loaded 
per lane except for albumin which is 2 1-1g per lane.Lane 1: Protein Markers; Lane 2: Glutelin 
extracted from WT rice; Lane 3: Glutelin from GT3 rice; Lane 4: Prolamin from WT rice; 
Lane 5: Prolamin from GT3 rice; Lane 6: Globulin from WT rice; Lane 7: Globulin from 
GT3 rice; Lane 8: Albumin from WT rice; Lane 9: Albumin from GT3 rice. 
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Figure 4.4 Tricine SDS~PAGE showing 10 J.Lg of the extracted proteins per lane. Lane 1: 
Protein Markers; Lane 2: Total protein from WT rice; Lane 3: Total protein from GT3 rice; 
Lane 4: Glutelin from WT rice; Lane 5: Glutelin from GT3 rice; Lane 6: Bovine serum 
albumin; Lane 7: Ovalbumin from chicken egg white. 
4.2 Simulated Gastric Digestibility Assay 
4.2.1 Pepsin Digestibility of total protein from GT3 and WT rice seeds 
Total protein extracted from the seeds of GT3 rice and its wild type counterpart 
WT rice were dige.sted by pepsin in simulated gastric fluid (SGF) at appropriate 
conditions mentioned in the Materials and Methods section. The results were 
subjected to tricine SDS-PAGE and shown in Figure 4.5 and Figure 4.6. Pepsin labile 
proteins including bovine serum albumin and {3 -amylase were used as controls, 
together with the pepsin in simulated gastric fluid without any rice protein, and the 
results were shown in Figure 4.7. 
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Figure 4.5 Pepsin digestion of total protein from GT3 rice in simulated gastric fluid at 
different time intervals. 6o/o polyacrylamide gel with 10 Jlg protein loaded per lane. Lane 1: 
Protein Marker; Lane 2, 3, 4, 5, 6, 7, 8, 9: Total protein digested by pepsin in SGF at time 0, 
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Figure 4.6 Pepsin digestion of total protein from WT rice in simulated gastric fluid at 
different time intervals. 6% polyacrylamide gel with 10 J.!g protein loaded per lane. Lane 1: 
Protein Marker; Lane 2, 3, 4, 5, 6, 7, 8, 9: Total protein digested by pepsin in SGF at time 0, 
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Figure 4.7 Pepsin digestion of bolvine serum albumin and B -amylase in simulated gastric 
fluid. 6o/o polyacrylamide gel with 10 ~g protein loaded per lane. Lane 1: Protein Marker; 
Lane 2: Pepsin in SGF solution without other proteins; Lane 3: BSA in SGF without pepsin; 
Lane 4: BSA after 2 min digestion by pepsin in SGF; Lane 5: B -amalyse in SGF without 
pepsin; Lane 6: B -amalyse after 2 min digestion by pepsin in SGF. BSA and B -amalyse 
are pepsin-labile proteins and were digested by pepsin completely within 2 min in 
SGF solution. 
According to the results shown in Figure 4.5 , for total protein from GT3 rice, little 
amount of prolamin remained at 3 0 seconds of digestion, but disappeared at 2 min, 
while the other protein portions including glutelin were digested completely within 
30 seconds. According to the results shown in Figure 4.6, for total protein from the 
WT rice, certain amounts of prolamin remained at 2 min of digestion, but 
disappeared at 5 min, while the other protein portions including glutelin were 
digested completely within 30 seconds. Comparing the two results, the total protein 
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from WT rice seems to be more resistant to pepsin digestion than the total protein 
from GT3 rice, as prolamin in the WT rice which was completely digested at after 5 
min compared with 2 min for the prolamin in GT3 rice. Prolamin in GT3 rice is 
supposed to be the same as prolamin in WT rice in both sequence and structure. As 
prolamin is hard to digest, the reduced amount of prolamin in GT3 rice compared 
with in WT rice in a given amount of total protein as seen from Figure 4.3 is likely to 
count for the less time it took for pepsin to digest the total protein from GT3 rice than 
those from WT rice considering . 
4.2.2 Pepsin Digestibility of major storage protein fractions in GT3 and WT rice 
The four major seed storage protein fractions extracted from GT3 and WT rice 
including glutelin, prolamin, globulin and albumin were digested by pepsin in 
simulated gastric fluid at appropriate conditions (Materials and Methods) followed 
by tricine SDS-PAGE. The results for glutelin digestion from GT3 and WT rice were 
shown in Figure 4.8 and Figure 4.9 respectively, while the results for prolamin, 
globulin and albumin digestion from WT rice were shown in Figure 4.1 0, Figure 4.11 
and Figure 4.12 respectively. 
According to the results shown in Figure 4.8, the glutelin from GT3 rice was 
completely digested by pepsin in the simulated gastric fluid within 30 seconds. 
According to the results in Figure 4.9, the glutelin from WT rice was also completely 
digested by pepsin within 30 seconds. From these results, it can be concluded that the 
glutelin from GT3 rice does not differ from the glutelin from WT rice in terms of 
pepsin digestibility. Indeed, because the protein coding sequence of glutelin 
transformed and overexpressed in GT3 rice is the same as that of the original glutelin 
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sequence in WT rice, there should not be any difference between them normally. The 
glutelin was also shown to be a pepsin labile protein for its fast speed of digestion 
within 30 seconds by pepsin in SGF in this study. 
According to the results shown in Figure 4.1 0, prolamin from WT rice was 
digested very slowly by pepsin in the simulated gastric fluid and a large percentage 
of prolamin remained intact even after 30 min as clear bands of prolamin can be seen 
on the gel lane for 30 min digestion. From the results shown in Figure 4.11, most 
globulin from WT rice was digested within 30 sec by pepsin in the simulated gastric 
fluid and it was digested completely at 2 min. Also, for globulin digestion, certain 
amount of small fragments remained at 30 sec, little remained at 2 min, and the 
fragments were totally digested at 5 min. From the results shown in Figure 4.12, 
albumin from WT rice was digested by pepsin in the simulated gastric fluid slowly 
but faster than that of prolamin. Most of albumin was digested within 5 min but still 
a small portion of albumin remained at even after 30 min. The pepsin digestibility 
patterns for the three portions of major storage proteins including prolamin, globulin 
and albumin from GT3 rice are the same as these from WT rice as they are supposed 
to be the same between these two varieties of rice (Results not shown). 
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Figure 4.8 Pepsin digestion of glutelin from GT3 rice in simulated gastric fluid at different 
time intervals. 6o/o polyacrylamide gel with 8 J..Lg protein loaded per lane. Lane 1: Protein 
Marker; Lane 2, 3, 4, 5, 6, 7, 8, 9: Glutelin digested by pepsin in SGF at time 0, 30 sec, 2 
min, 5 min, 10 min, 20 min, 30 min respectively; Lane 10: Glutelin in SGF without pepsin. 
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Figure 4.9 Pepsin digestion of glutelin from WT rice in simulated gastric fluid at different 
time intervals. 6% polyacrylamide gel with 8 Jlg protein loaded per lane. Lane 1: Protein 
Marker; Lane 2, 3, 4, 5, 6, 7, 8, 9: Glutelin digested by pepsin in SGF at time 0, 30 sec, 2 
min, 5 min, 10 min, 20 min, 30 min respectively; Lane 10: Glutelin in SGF without pepsin. 
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Figure 4.10 Pepsin digestion of prolamin from WT rice in simulated gastric fluid at different 
time intervals. 6% polyacrylamide gel with 8 Jlg protein loaded per lane. Lane 1: Protein 
Marker; Lane 2: +, Prolamin in SGF without pepsin; Lane 3, 4, 5, 6, 7, 8, 9: Prolamin 
























Figure 4.11 Pepsin digestion of globulin from WT rice in simulated gastric fluid at different 
time intervals. 6o/o polyacrylamide gel with 4 J.Lg protein loaded per lane. Lane 1: Protein 
Marker; Lane 2: +, Globulin in SGF without pepsin; Lane 3, 4, 5, 6, 7, 8, 9: Globulin 
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Figure 4.12 Pepsin digestion of albumin from WT rice in simulated gastric fluid at different 
time intervals. 6o/o polyacrylamide gel with 4 J.lg protein loaded per lane. Lane 1: Protein 
Marker; Lane 2: +, Albumin in SGF without pepsin; Lane 3, 4, 5, 6, 7, 8, 9: Albumin 
digested by pepsin in SGF at time 0, 30 sec, 2 min, 5 min, 10 min, 20 min, 30 min 
respectively. 
4.2.3 Summary of Pepsin Digestibility Assay 
From all the digestion results, it can be concluded that the digestibility by pepsin 
of the four major rice seed storage protein fractions including glutelin, prolamin, 
globulin and albumin in GT3 rice are not affected by overexpression of the 
homologous glutelin, and remained the same as in WT rice. However, the pepsin 
digestibility of a defined amount of total protein from GT3 rice has been decreased 
compared with that from WT rice possibly due to the fact of a decreased level of 
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prolamin which is pepsin resistant and an increase level of glutelin which is pepsin 
labile in the GT3 rice. According to the pepsin digestion patterns of each fraction of 
rice seed major storage protein, it can be concluded that glutelin is pepsin labile, 
prolamin is pepsin stable, globulin is somewhere between pepsin labile and 
intermediate stable, while albumin is intermediate stable to pepsin digestion. Thus, 
among the four rice seed major storage protein fractions, prolamin is the most stable 
one to pepsin digestion followed by albumin, globulin and finally glutelin which is 
the most labile one to pepsin digestion (stable prolamin > albumin > globulin > 
glutelin labile). 
4.3 Mouse Model I 
Mouse Model I was set up to compare the potential allergenicity between the total 
protein from the GT3 rice and the total protein from WT rice, as well as between the 
glutelin in the WT rice and the glutelin in the GT3 rice after its overexpression. In 
this model, groups of Balb/c mice were fed with target proteins every other day for 
around two months after intraperitoneous injection with target proteins and 
aluminum adjuvant twice in the first two weeks. Mouse serum IgG 1, IgG2a and IgE 
analysis, and allergic response test were done subsequently. 
4.3 .1 Protein-specific IgE levels 
Passive cutaneous assay (PCA) has been widely used to measure allergen specific 
IgE antibody levels in mouse or rat models for a long time (Chen et al., 1998; 
Gaveriaux et al., 1986; Gieni et al., 1993). Although the PCA method has the 
advantage of measuring not only the biological active IgE antibody but also the 
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consequence of allergen/IgE interaction leading to the inflammatory mediator release 
from mast cells and the clinical expression of cutaneous anaphylaxis, its utility is 
limited as it is labor intensive, includes stringent guidelines for laboratory animal use 
and interference by the capacity of murine IgG 1 to trigger PCA responses. As a result, 
a number of methods including RAST and ELISA have been described as alternative 
ways for measuring allergen specific IgE antibody levels (Adel-Patient et al., 2000; 
Bilenki et al., 2002; Birmingham et al., 2003). As ELISA methods are more sensitive 
in comparison to PCA, IgE isotype specific, easy to perform, highly reproducible and 
can address many shortcomings of PCA and RAST methods, an ELISA-based 
method was used in this studyto measure the relative IgE levels in each group of 
mice injected or fed with different groups of proteins on a weekly basis. The results 
were plotted by GraphPad Prism 5 and shown in Figure 4.13. The level of protein 
specific IgE is an important indicator in IgE-mediated allergy reactions to the 
specific protein allergen which has been validated both in human and mouse. In this 
mouse model, the specific IgE level induced in mice by ovalbumin (OVA), a potent 
respiratory and food allergen (Metcalfe, 1985), is much higher than the specific IgE 
level induced by bovine serum albumin (BSA), a protein that is considered to have a 
lesser allergenic potential (Hilton et al., 1994, 1997), which induced low level of lgE. 
This result was in consistent with the result of the mouse model that has been 
established by Dearman and Kimber (200 1 ). As a result, the mouse model used in 
this study could be a useful mouse model that can differentiate the potential 
allergenicity between different food proteins. The results shown in Figure 4.13 were 
analyzed by two-way AN OVA, and the level of protein specific lgE induced in mice 
by the total protein from WT rice was significantly higher than the lgE induced by 
the total protein from GT3 rice, while the level of protein specific lgE induced in 
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Figure 4.13. IgE levels of each mice group injected or fed with different group of proteins at 
week 2, 3, 4, 5, 6 of the experiment using Mouse Model I. WTT =total protein from WT rice 
seed; GT3T =total protein from GT3 rice seed; WTG =purified glutelin from WT rice seed; 
GT3G = purified glutelin from GT3 rice seed; OVA = ovalbumin from chicken egg white; 
BSA = Bovine serum albumin. 
4.3 .2 Protein-specific lgG 1 and lgG2a levels 
The lgG 1 and lgG2a levels in each group of mice injected or fed with different 
group of proteins were measured by ELISA on a weekly basis. The results of lgG 1 
and IgG2a were plotted by GraphPad Prism 5 and shown in Figure 4.14 and Figure 
_ 4.15 respectively. lgG 1 is considered as an important marker of immunogen in Th2 
pathway, and from the results in Figure 4.14, the lgG 1 levels induced in mice by the 
total protein from WT rice were higher than that induced by the total protein from 
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G T3 rice, while the lgG 1 levels induced in mice were comparable between the 
purified glutelin from WT rice and the purified glutelin from GT3 rice. For lgG2a, 
which is an important marker of cell mediated immunity and inflammation in Th1 
pathway, the levels induced in mice are comparable between the total proteins from 
WT rice and GT3 rice, as well as between the purified glutelins from WT rice and 
GT3 rice. Also, the IgG2a levels induced in all of the tested mice groups were much 
lower than the lgG 1 levels induced in the same group of subject indicating a 
dominant of TH 1 pathway which will be explained in details later (Refer to part 
4.3.4). 
1 








Figure 4.14. IgG 1 levels of each mice group injected or fed with different group of proteins 
at week 2, 3, 4, 5, 6 of the experiment using Mouse Model I. In they axis, the number Y 
means 10 Y times dilution of the mice sera which gave a positive result for IgG 1 in ELISA. 
WTT =total protein from WT rice seed; GT3T =total protein from GT3 rice seed; WTG = 
purified glutelin from WT rice seed; GT3G = purified glutelin from GT3 rice seed; OVA = 
ovalbumin from chicken egg white; BSA = Bovine serum albumin. 
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Figure 4.15. IgG2a levels of each mice group injected or fed with different group of proteins 
at week 2, 3, 4, 5, 6 of the experiment using Mouse Model I. In the y axis, the number Y 
means 10 Y times dilution of the mice sera which gave a positive result for IgG2a in ELISA. 
WTT =total protein from WT rice seed; GT3T =total protein from GT3 rice seed; WTG = 
purified glutelin from WT rice seed; GT3G =purified glutelin from GT3 rice seed; OVA= 
ovalbumin from chicken egg white; BSA = Bovine serum albumin. 
4.3 .3 Allergic Response Test 
The mice were challenged with the target protein at the end of the mouse model 
experiment, and the body temperature and allergic symptom score were recorded and 
plotted by GraphPad Prism 5 in Figure 4.16. The allergic reactions in mice were 
evaluated by the body temperature and allergic symptoms of mice. A lower 
temperature and a higher allergic symptom score correspond to a more severe 
allergic reaction induced in mice. According to the results in Figure 4.16, there was a 
fast reduction of body temperature resulting in a lower temperature 30 min after 
injection of total protein from WT rice in the WT rice total protein-sensitized mice 
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than in the GT3 rice total protein sensitized mice after injection of total protein from 
G T3 rice, while the temperature reduction were comparable between the WT rice 
glutelin sensitized mice and the GT3 rice glutelin sensitized mice. For the allergic 
symptom score, the WT rice total protein-sensitized mice have a higher score than 
the GT3 rice total protein-sensitized mice while the scores are comparable between 
the WT rice glutelin-sensitized mice and the GT3 rice glutelin-sensitized mice. 
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Figure 4.16 Allergic Response Test by Mouse Model I. (A, B) Body temperatures of mice at 
different time intervals after challenged with target proteins. (C, D) Allergic symptom score 
of mice at different time intervals after challenged with target proteins. WTT + WTT means 
mice sensitized with total protein from WT rice challenged with total protein from WT rice. 
GT3T + GT3T means mice sensitized with total protein from GT3 rice challenged with total 
protein from GT3 rice. WTG+WTG means mice sensitized with glutelin from WT rice 
challenged with glutelin from WT rice. GT3T + GT3T means mice sensitized with glutelin 
from GT3 rice challenged with glutelin from GT3 rice. 
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4.3.4 Summary from Mouse Model I 
Most immune responses mainly involve two pathways- Th1 and Th2 pathways, 
which are regulated by the activity of two functionally polarized T helper cell types, 
Th1 and Th2 cells, derived from ThO T helper cells (Romagnani, 2000). A summary 
of the two pathways is shown in Figure 4.17. The Th1 pathway is driven by 
intracellular bacterial antigen. It is involved in cell-mediated immunity including 
protection against many pathogens and is the predominating type of response in 
chronic inflammatory autoimmune diseases like multiple sclerosis and 
insulin-dependent diabetes mellitus. Thl cells in the Th1 pathway produce IFN-y and 
IL-12 which promote cellular immune responses including macrophage activation, 
delayed type hypersensitivity (DTH) and cytotoxicity, and positively contribute to 
the humoral response to a limited extent by supporting the production of the IgG2a 
antibody subclass. The Th2 pathway is driven by extracelluar allergen antigen and is 
thought to play a dominate role in allergy responses. Th2 cells in the Th2 pathway 
produce anti-inflammatory cytokines such as IL-4, IL-5 and IL-l 0, which in tum 
stimulate strong antibody production by B cells including IgG 1, IgM and IgE, 
eosinophils and mast cells (Laman et al., 1998; O'Garra, 1998; Romagnani, 2000). 
Thl cells suppress Th2 immune responses by secreting IFN-y which induce T cell 
differentiation from ThO to Thl, whereas IL-4, one of the typical Th2 cytokines 
secreted by Th2 cells, facilitates differentiation from ThO to Th2, blocks the microbe 
killing activated by IFN-y and suppress Thl immune response in reverse. In mice, 
productions of IgE, and IgG 1 versus IgG2a are widely interpreted as reflections of 




Figure 4.17 Th 1 and Th2 pathways in immune responses. (Adapted from BD Biosiences 
online) 
In Mouse Model I, for each of the four groups of proteins tested including total 
proteins from WT and GT3 rice, and purified glutelins from WT and GT3 rice, 
considerable levels of protein specific IgE were induced and protein specific IgG 1 
productions were far more than protein specific lgG2a productions in mice sensitized 
with the corresponding proteins. As a result, it can be concluded that in these mice 
groups, the ThO cells in the immune response caused by the corresponding proteins 
mostly differentiated into Th2 cells instead of Th1 cells, leading to a dominate Th2 
pathway with increased production of protein specific IgG 1 and lgE, and the 
cytokines secreted by the Th2 cells such as IL-4 prohibited the Th 1 pathway leading 
to a low level of protein specific lgG2a (Jankovic et al. , 2001). The Th2 dominate 
immune response thus indicates that predominant allergic reactions were induced in 
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the mice groups sensitized with each of the four groups of proteins tested in this 
mouse model. As the levels of protein specific IgE and IgG 1, as well as the allergic 
response induced in mice sensitized by the total protein from WT rice were all higher 
or more severe than those induced in mice by the total protein from GT3 rice, the 
allergic reactions induced in mice by the total protein from WT rice should be more 
severe than those by the total protein from GT rice, indicating a higher potential 
allergenicity in a defined amount of total protein from WT rice than that from GT3 
rice. Actually, glutelin has been demonstrated to be a potential allergen in this study, 
and the fact that the total protein from WT rice has a higher potential allergenicity 
than the total protein from GT3 rice overexpressing glutelin can be explained by the 
unpublished findings from our lab that although glutelin is overexpressed in GT3 rice, 
the amount of its total protein remains the same as that of WT rice, while other seed 
proteins including globulin and albumin fractions which contain allergens are 
reduced in GT3 rice. At the meantime, as the levels of protein specific IgE, IgG 1 and 
the allergic response induced in mice by the glutelin from GT3 rice were not 
significantly different from those induced in mice by the glutelin from WT rice, the 
allergic reactions induced in mice by the glutelins from WT rice and GT3 rice should 
be in comparable degrees, indicating the allergenicity potential of the glutelin in GT3 
rice has not changed from the glutelin in WT rice. 
4.4 Mouse Model II 
Mouse Model II was set up to compare the potential allergenicity between the 
cooked total protein from the GT3 rice and the cooked total protein from WT rice, as 
well as between the cooked glutelin in the WT rice and the cooked glutelin in the 
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GT3 rice. In this model, groups of Balb/c mice were fed with target proteins every 
other day for around two months after intraperitoneous injection with target proteins 
and aluminum adjuvant twice in the first two weeks. Mouse serum lgG 1, lgG2a and 
IgE analysis, and allergic response test were done subsequently. 
4.4.1 Proteins specific lgE levels 
The relative IgE levels in each group of mice injected or fed with different groups 
of cooked proteins were measured by ELISA on a weekly basis. The results were 
plotted, analyzed by two-way ANOVA, and shown in Figure 4.18. Comparing with 
the results from Figure 4.13, the levels of protein specific IgE induced in mice by the 
cooked proteins including all the four groups of proteins were much lower than those 
induced in mice by the corresponding raw proteins in the Mouse Model I. The level 
of protein specific lgE induced in mice by the cooked total protein from GT3 rice is 
significantly higher than that induced by the cooked total protein from WT rice, and 
the levels of protein specific lgE induced in mice by the cooked glutelin from GT3 
rice is significantly higher than that induced by the cooked glutelin from WT rice. 
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Figure 4.18. IgE levels of each mice group injected or fed with different groups of cooked 
proteins at week 2, 3, 5, 6 of the experiment using Mouse Model II. WTT = total protein 
from WT rice seed; GT3T = total protein from GT3 rice seed; WTG = purified glutelin from 
WT rice seed; GT3G =purified glutelin from GT3 rice seed. 
4.4.2 Proteins specific IgG 1 and IgG2a levels 
The IgG 1 and IgG2a levels in each group of mice injected or fed with different 
groups · of cooked proteins were measured by ELISA on a weekly basis. The results 
ofigG1 and IgG2a were plotted by GraphPad Prism 5 and shown in Figure 4.19 and 
Figure 4.20 respectively. Comparing the results in Figure 4.19 with the results in 
Figure 4.14, unlike the levels of IgE, the levels of protein specific IgG 1 induced in 
mice by the cooked proteins including all the four groups of proteins were not 
significantly different from those induced in mice by the corresponding raw proteins 
in the Mouse Model I, and are comparable among all the mice groups sensitized by 
the four groups of cooked proteins. The IgG2a levels induced in all of the tested mice 
groups were much lower than the IgG 1 levels induced in the same group of subject. 
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While the IgG2a levels induced in mice are comparable between the total proteins 
from WT rice and GT3 rice, the IgG2a level induced in mice by the cooked glutelin 
from WT rice was significantly higher than that from GT3 rice as it hardly induced 
any IgG2a. 
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Figure 4.19. IgG 1 levels of each mice group injected or fed with different group of cooked 
proteins at week 2, 3, 5, 6 of the experiment using Mouse Model II. In they axis, the number 
Y means 10 Y times dilution of the mice sera which gave a positive result for IgG 1 in ELISA. 
WTT =total protein from WT rice seed; GT3T =total protein from GT3 rice seed; WTG = 
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Figure 4.20. IgG2a levels of each mice group injected or fed with different group of cooked 
proteins at week 2, 3, 5, 6 of the experiment using Mouse Model II. In the y axis, the number 
Y means lOY times dilution of the mice sera which gave a positive result for IgG2a in ELISA. 
WTT =total protein from WT rice seed; GT3T =total protein from GT3 rice seed; WTG = 
purified glutelin from WT rice seed; GT3G = purified glutelin from GT3 rice seed. 
4.4.3 Allergic Response Test 
The mice were challenged with the cooked proteins at the end of the mouse model 
experiment and the body temperature and allergic symptom score were recorded and 
plotted by GraphPad Prism 5 as shown in Figure 4.21. The degrees of body 
temperature reduction and allergic symptom score elevation were greater in the 
cooked GT3 rice total protein-sensitized mice than in the cooked WT rice total 
protein-sensitized mice after challenged by the corresponding cooked proteins, while 
the degrees of body temperature reduction and allergic symptom score elevation 
were greater in the cooked GT3 rice glutelin sensitized mice than in the cooked WT 
rice glutelin sensitized mice, but the degrees were much lower in all the four groups 
of cooked proteins compared with the results of the raw proteins in the Mouse Model 
I shown in Figure 4.16. 
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Figure 4.21 Allergic Response Test by Mouse Model II. (A, B) Body temperatures of mice at 
different time intervals after challenged with cooked proteins. (C, D) Allergic symptom score 
of mice at different time intervals after challenged with cooked target proteins. WTT + WTT 
means mice sensitized with cooked total protein from WT rice challenged with cooked total 
protein from WT rice. GT3T + GT3T means mice sensitized with cooked total protein from 
GT3 rice challenged with cooked total protein from GT3 rice. WTG+WTG means mice 
sensitized with cooked glutelin from WT rice challenged with cooked glutelin from WT rice. 
GT3T + GT3T means mice sensitized with cooked glutelin from GT3 rice challenged with 
cooked glutelin from GT3 rice. 
4.4.4 Summary from Mouse Model II 
In Mouse Model II, same as in Mouse Model I, there were high levels of protein 
specific IgG 1 production and low levels of protein specific IgG2a production in all 
four groups of cooked protein-sensitized mice. This indicates that there was a 
predominant Th2 pathway in all tested mice groups and allergic reactions have been 
induced in all the mice groups sensitized with cooked proteins. However, the IgE 
levels induced in the mice groups sensitized by cooked proteins were much lower 
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than those sensitized by corresponding raw proteins. As the level of protein specific 
lgE is an important indicator in lgE mediated allergy reactions to the specific protein 
allergen, it can be concluded that the potential allergnicity of the rice seed proteins 
would decrease greatly after cooking. Protein processings such as heating or 
hydrolysis have been shown 1n some experiments that can alter the potential 
allergenicity of certain proteins such as the egg white proteins (Urisu et al., 1997; 
Yamada et al., 2000). One possible reason is that the conformational allergen 
epitopes can be destroyed when the native shape of the protein is altered by heating 
or hydrolysis. As shown in this study, the reduction of allergenicity caused in rice 
total proteins and glutelins in WT and GT3 rice after cooking indicates that rice 
glutelin, or some proteins in rice total protein may contain both conformational and 
sequential epitopes within which the conformational epitopes are destroyed after the 
normal rice cooking process. One point to notice is that the decrease degree of 
protein-specific IgE level for the cooked protein from WT rice compared with lgE 
level of the raw protein from the same rice is greater than that from GT3 rice, 
resulting in a lower lgE level in the cooked protein from WT rice than that from GT3 
rice. Our lab's previous research has shown that the lysine rich protein 
overexpression in GT3 rice exceeds the folding capacity of molecular chaperones 
including the binding protein (Bip) and protein disulfide isomerase (PDI) in 
endoplasmic reticulum (ER) resulting in accumulation of unfolded/ incorrectly 
folded proteins in the ER, and an elevated level of proglutelin compared with WT 
rice. It is likely that the conformational allergen epitopes in these unfolded/ 
incorrectly folded proteins and proglutelin from GT3 rice have become harder to be 
destroyed after normal rice cooking process than those from WT rice, resulting in a 
lower decrease of protein-specific lgE level after cooking. 
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4.5 Mouse Model III 
Mouse Model III was set up to compare the potential allergenicity between the 
total protein from the GT3 rice and the total protein from WT rice, as well as 
between the glutelin in the WT rice and the glutelin in the GT3 rice. Different from 
Mouse Model I, in this model, groups of Balb/c mice were fed with target proteins 
every other day from the beginning without aluminum adjuvant for more than 3 
months. Mouse serum IgG 1, lgG2a and IgE analysis, and allergic response test were 
done subsequently. 
4.5.1 Protein-specific lgE levels 
The relative IgE levels in each mice group fed with different groups of proteins 
were measured by ELISA on a weekly basis. The results were plotted by GraphPad 
Prism 5 and shown in Figure 4.22. The lgE levels for all groups of proteins were 
undetectable at early time of the experiment. However, after week 7, protein specific 
IgE induced in the mice fed with ovalbumin (OVA) - a major food allergen was 
detected, although the induced lgE level is very low compared with the lgE levels 
induced in Mouse Model I and Mouse Model II in which aluminum adjuvant has 
been used. For the total proteins from WT and GT3 rice, there were very low levels 
of IgE induced in the corresponding mice groups while for the glutelins from WT 
and GT3 rice, there were no detectable levels of protein specific IgE induced in the 
corresponding mice groups. 
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Figure 4.22 Relative IgE levels of each mice group fed with different groups of proteins at 
week 7, 8 in the experiment using Mouse Model III. WTT = total protein from WT rice seed; 
GT3T = total protein from GT3 rice seed; WTG = purified glutelin from WT rice seed; 
GT3G =purified glutelin from GT3 rice seed; OVA= ovalbumin from chicken egg white. 
4.5.2 Proteins specific IgG 1 and IgG2a levels 
The IgG 1 and IgG2a levels in each group of mice fed with different groups of 
proteins were measured by ELISA at week 7 and week 8 of the experiment. The 
results of IgG 1 and IgG2a were plotted by GraphPad Prism 5 and shown in Figure 
4.23 and Figure 4.24 respectively. Same as the IgE levels, the levels of protein 
specific IgG 1 induced in mice fed with all the groups of proteins are much lower 
when compared with the IgG 1 levels induced in Mouse Model I and Mouse Model II 
in which aluminum adjuvant has been used, and there was even no detectable IgG 1 
levels in the mice groups fed with the glutelins from WT and GT3 rice. The IgG2a 


















Figure 4.23. IgG 1 levels of each mice group fed with different groups of proteins at week 7, 
8 of the experiment using Mouse Model III. In the y axis, the number Y means 10 Y times 
dilution of the mice sera which gave a positive result for IgG 1 in ELISA. WTT = total 
protein from WT rice seed; GT3T = total protein from GT3 rice seed; WTG = purified 
glutelin from WT rice seed; GT3G = purified glutelin from GT3 rice seed; OVA= ovalbumin 
from chicken egg white. 
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Figure 4.24. IgG2a levels of each mice group fed with different groups of proteins at week 7, 
8 of the experiment using Mouse Model III. In the y axis, the number Y means 10 Y times 
dilution of the mice sera which gave a positive result for IgG2a in ELISA. WTT = total 
protein from WT rice seed; GT3T = total protein from GT3 rice seed; WTG = purified 
glutelin from WT rice seed; GT3G =purified glutelin from GT3 rice seed; OVA= ovalbumin 
from chicken egg white. 
4.5.3 Allergic Response Test 
The mice were challenged with the target proteins at the end of the mouse model 
experiment but no obvious body temperature drop and allergic symptom score were 
detected except a slight allergic response in the mice group fed with ovalbumin. 
4.5.4 Summary from Mouse Model III 
Although oral route of exposure to potential food allergens without adding 
adjuvant is commonly considered as the most appropriate procedure in animal 
models for allergenicity study, as it mimic the human food consumption most, oral 
93 
tolerance was always found in animals especially rodents in which even maJor 
allergens could fail to induce allergy. In this mouse model, a long time exposure by 
the ordinary oral route without adding of adjuvant can induce allergy in mice fed 
with ovalbumin which is a strong allergen in egg white. From IgG 1 and IgG2a levels, 
we can see that Th2 pathway still dominates in the mice groups fed with the total 
proteins from WT and GT3 rice, as well as from ovalbumin, but the Th2 response is 
much lower compared with the Th2 response induced in Mouse Model I and Mouse 
Model II. For the mice groups fed with the glutelins from WT and GT3 rice, no Th2 
response and perhaps a slight Th 1 response has been induced according to the 
undetectable levels of IgG 1 and very low levels of IgG2a in the corresponding mice 
groups. This mouse model demonstrates that by normal route of oral exposure, the 
rice protein groups including the total proteins and the glutelins from WT and GT3 
rice are not able to induce allergy in mice while the strong food allergen ovabumin 
retains the ability of inducing allergy in mice but upon a long period of exposure. 
4.6 Potential allergenicity of rice glutelin by bioinformatics and epitope mapping 
4.6.1 Bioinformatic analysis 
By analyzing the protein sequence of rice glutelin using Allergen Online and 
Allermatch, four food allergens have been found with similar sequence identity to 
glutelin. Three out of the four food allergens have been under extensive research and 
their potential epitopes discovered. The three allergens are glycinin subunit G2 from 
soybean, Arah3/ Arah 4 from peanut, and Ana o 2 from cashew. These proteins 
belong to the same legumin family of storage proteins as rice glutelin and their 
alignment results were shown in Figure 4.25. Based on the sequence alignment with 
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the four protein allergens, especially taking consideration of the found epitope 
regions in three of the allergens, the 80 amino acid alignment analysis and 6 and 8 
amino acid exact match by Allergen Online and Allermatch, the potential IgE epitope 
prediction by Algpred, and the major hisocompatibility (MHC) complex Class II 
molecules affinity analysis by the online analysis tool - NetMHCII, six peptide 
regions in the glutelin protein sequence ranging from 15 to 19 amino acid length 
which are mostly likely to be the allergen epitopes were synthesized. The six putative 
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Figure 4.26 Glutelin protein sequence with the 6 putative epitopes underlined and numbered. 
The 6 peptides were synthesized for study. Sequence before the black arrow is acidic subunit, 
while sequence after the black arrow is basic subunit. 
4.6.2 ELISA analysis of synthesized epitopes 
ELISA tests were used to measure the affinity of the 6 synthesized peptides with 
the glutelin specific IgE antibody from mixed sera of the mice sensitized by glutelin 
in Mouse Model I of this research. For direct ELISA test, there was no signal for all 
the 6 synthesized peptides. This might be due to that the peptides are too small and 
could not bind to the well surface of the ELISA plates efficiently, or that the coating 
of the small peptides onto the well surface has blocked the critical binding regions of 
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the peptides from binding with the glutelin specific lgE antibody in mice sera. For 
competitive ELISA test, the results were plotted by Microsoft Office Excel and 
shown in Figure 4.27. According to the results, addition of peptide 3 to the mice sera 
containing glutelin specific lgE antibody inhibited the lgE antibody from binding to 
the glutelin in the subsequent reactions, and the degree of inhibition increased as the 
amount of peptide 3 added into the mice sera increased. This indicates that peptide 3 
shows a considerable degree of affinity with glutelin specific lgE antibody in the 
mice sera and can compete with glutelin for binding with the glutelin specific lgE 
antibody in the mice sera. Therefore, it can be concluded that peptide 3 is involved in 
one of the potential epitope regions of glutelin. The degree of inhibition of the 
peptide 3 is much less than the inhibition of glutelin itself, as it can be seen from the 
results that adding 10 Jlg of glutelin inhibited about 85% of the reaction while the 
same amount of peptide 3 inhibited less than 10% of the reaction. This indicates that 
besides the epitope region containing peptide 3, there are still other strong epitope 
regions in glutelin that account for its potential allergenicity in mice. Peptide 4 might 
also be one minor epitope as it could inhibit the glutelin binding with glutelin 
specific lgE antibody in mice sera but at a very low degree even when a large amount 
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Figure 4.27. The competitive ELISA assay of the 6 synthesized peptides reacted with the 
glutelin specific IgE antibody in mice sera. The x axis represents the amount of protein I 
peptide added to react with the glutelin specific IgE antibody in mice sera. The y axis 
represents the OD 450/620 values for the reactions of glutelin with the glutelin specific IgE 
antibody in mice sera after incubation with the amount of protein/ peptides shown in the x 
axis versus the OD 450/620 values for the reactions of glutelin with the glutelin specific IgE 
antibody in mice sera after incubation with the control solution containing no protein/ 
peptides. 
4.6.3 Western Blot Analysis 
The three components of glutelin in rice seed including proglutelin, the acidic 
subunit, and the basic subunit were separated by tricine SDS-PAGE, and mixed sera 
from glutelin sensitized mice were used to probe in the Western Blot analysis. 
Results (Fig. 4.28) showed that the band intensities at the position of the acidic 
subunit are much higher than the band intensities at the position of the proglutelin, 
while the band intensities at the position of the basic subunit are the lowest. This 
indicates that most of the glutelin specific IgE antibodies produced in the mice 
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sensitized with glutelin favor and bind with the sequences in the acidic subunit. A 
certain portion bind with the proglutelin, while little bind with the basic subunit. As a 
result, it can be concluded that most of the strong epitope regions of glutelin lie in the 
acidic subunit, while little lie in the region of basic subunit. The proglutelin which 
contains the sequences of the acidic subunit and basic subunit, as well as a signal 
peptide at the 5 end of the sequence, definitely contains all the epitope regions of 
glutelin; however, the binding intensity is not comparable to the acidic subunit, 
indicating that some acidic epitope in the proglutelin may not be accessible to 
binding. The epitope distributions for the glutelins from WT and GT3 rice do not 
seem to differ from each other. This further supports that the glutelin overexpressed 
in GT3 rice is not different from the original glutelin in WT rice. 
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Figure 4.28 Western Blot analysis of rice glutelin probed with glutelin specific IgE antibody 
in mice sera. Lanes 1: Mol. Marker; 2: Glutelin from WT rice; 3: Glutelin from GT3 rice. 
Panels (A): glutelin in PVDF membrane probed by control mice sera containing no glutelin 
specific IgE antibody; (B): Tricine SDS-PAGE of the glutelin used for Western Blot; (C): 
Glutelin in PVDF membrane probed by glutelin specific IgE antibody in the sera of mice 
sensitized by glutelin from WT rice; and (D): Glutelin in PVDF membrane probed by 
glutelin specific IgE antibody in the sera of mice sensitized by glutelin from GT3 rice. 
As the total protein from rice seed is composed of four fractions of major storage 
proteins including glutelin, prolamin, globulin and albumin, Western Blot analysis 
has been done to find out the distribution of protein specific lgE antibodies induced 
by each fraction of the rice seed major storage proteins in the sera of mice sensitized 
with the rice seed total protein. The total proteins extracted from WT and GT3 rice 
were separated by tricine SDS-PAGE and sera from the total protein-sensitized mice 
were used to probe the Western Blot (Fig. 4.29). Among all the protein fractions, the 
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band intensities of the glutelin fraction was the strongest, indicating that glutelin 
counts for the majority of lgE induced in the total protein-sensitized mice and 
therefore takes the major responsibility of the allergic reactions induced in mice. This 
can be explained by the fact that glutelin takes around 80% of the dry weight of the 
total protein in rice seed, and therefore, in a certain amount of rice intake, more 
glutelin is available to bypass the intestinal barrier and trigger subsequent allergic 
responses. Among the glutelin portion, the band intensity of the acidic subunit is the 
strongest followed by proglutelin. But the band at the position of the basic subunit of 
glutelin is hardly invisible. These results further support that the epitope regions of 
glutelin are mainly located on the acidic subunit of the glutelin. Besides glutelin, 
globulin also reacts with the total protein specific lgE antibodies, as there is a band 
of strong intensity at the position of globulin in the Western Blot. This indicates that 
globulin also takes part in the allergic reactions induced in the total protein-sensitized 
mice. As globulin only counts for around 5o/o of the total protein whereas it gives a 
band of strong intensity, it might be a major allergen and has a higher potential 
allergenicity than glutelin. For prolamin and albumin portions, there are no invisible 
bands detected on the Western Blot, suggesting that they play little role in the allergic 
reactions induced in mice. Also, the band intensity of globulin is lower for the GT3 
rice than the WT rice (Fig. 4.29 C2 vs C3; D2 vs D3). This can be explained by the 
fact that the globulin content is reduced in the GT3 rice compared with that in the 
WT rice. The reduction of the content of globulin which is likely to be a strong 
allergen in the GT3 rice might also count for the lower potential allergenicity of the 
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Figure 4.29 Western Blot analysis of rice seed major storage protein fractions probed with 
the total protein-specific lgE antibodies in mice sera. Lanes 1: Marker; 2: Total protein from 
WT rice; 3: Total protein from GT3 rice; 4: Globulin from WT rice; and 5: Albumin from 
WT rice. Panels (A): Total protein in PVDF membrane probed by control mice sera 
containing no total protein-specific IgE antibody; (B): Tricine SDS-PAGE of the rice total 
protein used for Western Blot; (C): Total protein in PVDF membrane probed by total 
protein-specific IgE antibodies from mice sensitized by total protein from WT rice; and (D): 
Total protein in PVDF membrane probed by total protein-specific IgE antibodies from mice 
sensitized by total protein from GT3 rice. 
4.6.4 IgE-binding assay 
Forty-three overlapping peptides were synthesized to determine which regions of 
the glutelin protein acidic subunit were recognized by serum IgE. Each peptide was 
15 amino acids long and offset from the previous peptide by eight amino acids. This 
approach allows the analysis of the primary sequence of the entire glutelin acidic 
subunit in large and overlapping fragments. These peptides were probed with a 
serum pool of glutelin specific IgE antibodies from mice sensitized by glutelin from 
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WT r1ce. Figure 4.30 shows the s1x IgE-binding regions and their corresponding 
locations within the primary amino acid sequence of glutelin acidic subunit. These 
IgE-binding regions are represented by amino acids regions 50-64, 84-114, 155-169, 
203-219, 231-240, and 260-274. 
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Among the s1x IgE-binding regions, three regions including amino acid residues 
50-64, 155-169, and 260-274 showed very strong signals after binding with lgE 
while the other regions showed either medium or low signals. Therefore, these three 
strong IgE binding regions should be the focus of the glutelin allergenicity study. For 
the first reg1on am1no acids 50-64, because the two left and right overlapping 
peptides which shares 8 and 7 common peptide sequences with this region 
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respectively showed no signal on binding with IgE, it is estimated that the core 
amino acids in the first strong epitope region critical to lgE binding are likely to be 
around PIRS of amino acids region 56-59. For the second amino acids region of 
155-169, because the left overlapping peptide showed a weak signal while the right 
overlapping peptide showed no signal with lgE, it is estimated that the core amino 
acids in the second strong epitope region critical to IgE binding are likely to around 
RQGDVT of amino acids region 159-164. For the third amino acids region of 
260-274, because the left overlapping peptide showed no signal while the right 
overlapping peptide showed a weak signal with lgE, it is estimated that the core 
amino acids in the third strong epitope region critical to lgE binding are likely to be 
around GLSLLQP of amino acids region 266-272. 
Figure 4.31 shows the alignment of rice glutelin with other four food allergens of 
soybean, peanut and cashew respectively. The epitope regions have been found in 
these four food allergens and were marked in black squares (Rabjohn et al., 1999; 
Beardslee et al., 2000; Helm et al., 2000; Wang et al., 2003 ). The peanut allergen Ara 
h 3 has been under extensive research and the amino acids critical to lgE binding in 
the protein allergen's four main epitope regions have been identified and were 
marked in red circles in Figure 4.31 ((Rabjohn et al. , 1999). The three strong epitope 
regions of glutelin found in this study were underlined in red with the suspected 
critical amino acids underlined in blue. Figure 4.31 revealed that all the three strong 
epitope regions of glutelin are located in regions that glutelin shares a large degree of 
sequence similarity with the other four food allergens. In the first region of 56-59, 
there was no epitope found in the other four allergens, but 3 (IRS) in a total of 4 
suspected critical amino acids in the first strong epitope of glutelin are different from 
the corresponding amino acids (DNR) in the other four allergens. As a result, this 
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three amino acid sequence of IRS could be very important in accounting for the 
strong IgE binding capacity of this glutelin epitope region. In the second amino acids 
region of 155-169, like in the first region, no epitope was reported in the other four 
allergens. In this region, the glutelin sequence is quite similar with the other four 
allergen sequences with only one amino acid difference among the suspected critical 
amino acids at position 160 (Q). Therefore, this particular amino acid of glutamine is 
likely to be the essential amino acid which accounts for the strong lgE binding 
capacity of this glutelin epitope region. The third amino acids region of 260-274 is 
the most interesting region as epitopes have been located in this particular region of 
all the four other allergens. And for the peanut Ara h 3 allergen, the critical amino 
acids in this region of epitopes have been found to be LILP (Rabjohn et al., 1999) 
while the corresponding amino acids in glutelin are LLLP, with only one amino acid 
difference. It should be noted that the one amino acid that is different between these 
two sequences are isoleucine in peanut Ara h 3 and leucine in rice glutelin 
respectively which are quite similar in structure. Therefore, it is quite likely the IgE 
















































































































































































































































































































































































































































































































































































































































































































































































































The information of epitope regions in glutelin should be very useful for producing 
hypo-allergenic rice with reduced potential allergenicity of the main rice seed storage 
protein glutelin by substituting just a few amino acids in the glutelin sequence. 
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Chapter 5 Conclusion and Future Perspectives 
This study has evaluated the potential allergenicity of the high lysine transgenic 
GT3 rice in comparison with its wild type counterpart - the WT rice, which is an 
important aspect of the food safety assessment for the new genetically engineered 
food. A step to step approach based on the methods recommended by the 
International Food Biotechnology Council and the Allergy and Immunology Institute 
of the International Life Science Institute was applied in the current studies. As the 
source of the introduced protein in the transgenic GT3 rice is the homologous 
glutelin that originally exists in the wild type rice, and overexpression of glutelin has 
led to a series of downstream changes of other storage proteins in the transgenic GT3 
rice, the total protein from GT3 rice were compared with the total protein from WT 
rice by means of pepsin digestibility in simulated gastric fluid and potential 
allergenicity in mouse models. In pepsin digestibility test, the total protein from GT3 
rice was digested faster than the total protein from WT rice, and the total protein 
from GT3 rice also induces lower allergic responses in mice than the total protein 
from WT rice in Mouse Model I, while in Mouse Model II and Mouse Model III, 
both of the total proteins from GT3 rice and WT rice can induce little allergic 
reactions in mice to pose any threat. In summary on the basis of this study, none of 
the assessment results showed that the GT3 rice is more allergic than the WT rice or 
has more potential to elicit allergy. In fact, the results obtained demonstrate that the 
GT3 rice is safer for consumption than the WT rice in terms of allergenicity. 
Together with its high lysine content with potential to alleviate the protein energy 
malnutrition caused in people mainly fed on rice, the transgenic GT3 rice shows 
promising perspectives towards official food safety assessment before releasing into 
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the markets to improve life quality of rice consumers. 
Allergenicity research of rice glutelin conducted in this study has shown that 
glutelin can induce allergic reactions in mice and is likely to be potential allergenic. 
Although glutelin may be not as allergenic as globulin and other major allergens that 
have been discovered in rice so far, it might be more important in rice induced 
allergic reactions than the other rice major allergens for its large amount in rice seed -
around 80% of the seed total protein content. Upon bioinformatic analysis and IgE 
binding assay, we have found three main epitope regions in rice glutelin sequence 
and the suspected amino acids that are critical to lgE binding in these strong epitope 
regions. Further researches should be done to confirm the critical binding amino 
acids in the strong epitope regions of glutelin. By altering the few amino acid 
positioned at the critical binding domains of the epitopes, the potential allergenicity 
of glutelin could be reduced greatly which will be very useful in making 
hypo-allergic glutelin rice for further improving the rice quality and enabling the 
consumption of rice by people previously allergic to rice. 
110 
References 
Aalberse, R. C. 1997. Food allergens. Environ Toxicol Pharmaco/4: 55-60. 
Aalberse, R. C. 2000. Structural biology of allergens. J Allergy Clin Immunol 106: 
228-238. 
Adel-Patient, K., Creminon, C., Bernard, H., Clement, G., Negroni, L., Probert, Y., 
Grassi, J., Wal, J.M., Chatel, J.M., 2000. Evaluation of a high IgE-responder mouse 
model of allergy to bovine beta-lactoglobulin (BLG): development of sandwich 
immunoassays for total and allergen-specific IgE, IgG 1 and IgG2a in BLG-sensitized 
mice. J. Immunol. Methods 235: 21 -32. 
Akiyama H., Teshima R., Sakushima J. I., Okunuki H., Goda Y., Sawada J. I., 
Toyoda M. 2001. Examination of oral sensitization with ovalbumin in Brown 
Norway rats and three strains of mice. Immunol. Lett. 78: 1-5 
Andre F., Andre C., Colin L., Cacaraci F., Cavagna S. 1994. Role of new allergens 
and of allergens consumption in the increased incidence of food sensitizations in 
France. Toxicology 93: 77-83 
Arai T., Takaya T., Ito Y., Hayakawa K., Toshima S., Shibuya C., Nomura M., 
Yoshimi N., Shibayama M., Yasuda Y. 1998. Bronchial asthma induced by rice. 
Intern Med 37: 98-101 
Ill 
Astwood, J. D., Leach J. N. and Fuchs R. L. 1996. Stability of food allergens to 
digestion in vitro. Nat Biotechno/14: 1269-1273. 
Badawi, T. A. 2004. Rice-based production systems for food security and poverty 
alleviation in the near-east and north Africa: New challenges and technological 
opportunities. FAO Rice Conference 1-22. 
Bannon, G. A. 2004. What makes a food protein an allergen. Curr Allergy Asthma 
Rep 4: 43-46. 
Bannon, G. A., Fu T-J., Kimber 1., Hinton D. M. 2003. Protein digestion and 
relevance to allergenicity. Environ Health Perspect. 111: 1122-1124. 
Bannon G. A., Goodman R. E., Leach J. N., Rice E., Fuchs R. L., Astwood J. D. 2002. 
Digestive stability in the context of assessing the potential allergenicity of food 
proteins. Comm Toxicol. 8: 271-285. 
Beardslee T. A., Zeece M. G. , Sarath G. , Markwell J. P. 2000. Soybean Glycinin G 1 
Acidic Chain Shares lgE Epitopes with Peanut Allergen Ara h 3. Int Arch Allergy 
Immunol. 123: 299-307. 
Bilenki L., Wang S., Fan Y., Yang J., Han X. , Yang X. 2002. Chlamydia trachomatis 
infection inhibits airway eosinophilic inflammation induced by ragweed. Clin. 
Immunol. 102: 28- 36. 
Bindslev-Jensen C., Ballmer-Weber B. K., Bengtsson U., Blanco C., Ebner C., 
112 
Hourihane J. 2004. Standardization of food challenges in patients with immediate 
reactions to foods - position paper from the European Academy of Allergology and 
Clinical Immunology. Allergy 59: 690-7. 
Birmingham N., Payankaulam S., Thanesvorakul S., Stefura B., HayGlass K., 
Gangur V. 2003. An ELISA-based method for measurement of food-specific IgE 
antibody in mouse serum: an alternative to the passive cutaneous anaphylaxis assay. 
Journal of Immunological Methods 275: 89- 98 
Bjorklund, A. K., Soeria-Atmadja D., Zorzet A., Hammerling U. and Gustafsson M. 
G. 2005. Supervised identification of allergenrepresentative pep tides for in silico 
detection of potentially allergenic proteins. Rio informatics 21: 39-50. 
Boyano-Martinez T., Garcia-Ara C., Diaz-Pena J. M., Martin-Esteban M. 2002. 
Prediction of tolerance on the basis of quantification of egg white-specific IgE 
antibodies in children with egg allergy. J Allergy Clin Immunol110: 304-9. 
Bredehorst R. and David K. 2001. What establishes a protein as an allergen. 
J Chromatogr B 756: 33--40. 
Breiteneder H., Ebner C. 2000. Molecular and biochemical classification of 
plant-derived food allergens. J Allergy Clin Immunol. 106: 27-36. 
Breiteneder H., and Radauer C. 2004. A classification of plant food allergens. 
J Allergy Clin Immunol113: 821-830. 
113 
Caffarelli C., Cataldi R., Giordano S., Cavagni G. 1997. Anaphylaxis induced by 
exercise and related to multiple food intake. Allergy Asthma Proc 18: 245-8 
Cantrell, R. P. 2004. New challenges and technological opportunities for rice-based 
production systems for food security and poverty alleviation in Asia and the Pacific. 
FAO Rice Conference 1-15. 
Cavataio F., Carroccio A., Montalto G., Iacono G. 1996. Isolated rice intolerance: 
clinical and immunologic characteristics in four infants. J Pediatr 128: 558-60 
Chavan J. K. and Duggal S. K. 1978. Studies on the essential amino acid 
composition, protein fractions and biological value (BV) of some new varieties of 
rice. J Sci Food Agric. 29: 225-9 
Chehade M., Mayer L. 2005. Oral tolerance and its relation to food hypersensitivities. 
J Allergy Clin Immunol. 115: 3-12. 
Chen Y. L., Simons F. E., Peng Z. 1998. A mouse model of mosquito allergy for 
study of antigen-specific IgE and IgG subclass responses, lymphocyte proliferation, 
and IL-4 and IFN-gamma production. Int. Arch. Allergy Immunol. 116: 269- 277. 
Codex Alimentarius Commission. 2003. Codex Principles and Guidelines on Foods 
Derived from Biotechnology. Rome, Italy. Codex Alimentarius Commission, Joint 
FAOIWHO Food Standards Programme, Food and Agriculture Organization. 
Cohen M. J. 2002. Food security: Why do hunger and malnutrition persist in a world 
114 
of plenty? in Plants, genes, and crop biotechnology, Ghrispeels, M. J. and Sadava, D. 
E. (eds.), pp. 76-99, Jones and Bartlett Publishers, Toronto. 
Crespo J. F. , Pascual C., Dominguez C., Ojeda 1., Munoz F. M., Estaban M. M. 1995. 
Allergic reactions associated with airborne fish particles in IgE-mediated fish 
hypersensitive patients. Allergy 50: 257-261. 
Dearman R. J., Skinner R. A., Herouet C., Labay K., Debruyne E., Kimber I. 2003. 
Induction of IgE antibody responses by protein allergens: inter-laboratory 
comparisons. Food Chern. Toxicol. 41: 1509-1516. 
Dearman R. J., Caddick H., Stone S., Kenna J. G., Basketter D. A., Kimber I. 2002. 
Immunogenic properties of rapidly digested food proteins following gavage exposure 
of mice: a comparison of ovalbumin with a potato acid phosphatase preparation. 
Food Chern Toxicol. 40: 625-633. 
Dearman, R. J. and Kimber I. 2001 Determination of protein allergenicity: studies in 
mice. Toxicol. Lett. 120: 181-186. 
Dirks C. G., Pedersen M. H., Platzer M. H. , Blindslev-Jensen C., Skov P. S. , Poulsen 
L. K. 2005. Does absorption across the buccal mucosa explain early onset of 
food-induced allergic systemic reactions? J Allergy Clin Irnrnunol. 115: 1321-1323. 
FAO/WHO 2001. Evaluation of allergenicity of genetically modified foods derived 
from biotechnology. Rome, Italy. 
115 
"Food Allergy Facts and Statistics" (PDF). Food Allergy & Anaphylaxis Network. 
2007. 
Fu Tong-Jen. 2006. Digestion Stability as a Criterion for Protein Allergenicity 
Assessment. Annals of the New York Academy of Sciences 964: 99-110. 
Fu Tong-Jen, Abbott U. R., Hatzos C. 2002. Digestibility of food allergens and 
nonallergenic proteins in simulated gastric fluid and simulated intestinal fluid-A 
comparative study. J Agric Food Chern 50: 7154-7160. 
Fuchs R. L. and Astwood J.D. 1996. Allergenicity assessment of foods derived from 
genetically modified plants. Food Techno! 50: 83-88 
Galili, G., Galili S., Lewinsohn E., Tadmor Y. 2002. Genetic, molecular, and genomic 
approaches to improve the value of plant foods and feeds. Crit. Rev. Plant Sci. 21: 
167-204. 
Galili G. and Larkins B. A. 1999. Enhancing the content of the essential amino acids 
lysine and threonine in plants; in Plant Amino Acids: Biochemistry and 
Biotechnology, Singh, B. K. (ed.), pp. 487-507, Marcel Dekker, New York. 
Garcia-Ara C., Boyano-Martinez T., Diaz-Pena J. M., Martin-Munoz F., 
Reche-Frutos M., Martin-Esteban M. 2002. Specific lgE levels in the diagnosis of 
immediate hypersensitivity to cows' milk protein in the infant. Allergy Clin Immunol 
107: 185-90. 
116 
Gaudry P. A., Fernandes J., Reish R., Roux K. H., Sathe S. K., Teuber S. S., Reese G., 
Lehrer S. B. 2004. Murine IgE and IgG antibody responses to allergenic and 
non-allergenic foods: potential model for allergenicity assessment of foods in man 
(abstract). J. Allergy. Clin. Immunol. 113: 234. 
Gaveriaux C., Renard P., Cammisuli S., Loor F. 1986. A comparison of five different 
methods for the detection of TNP specific mouse IgE: ELISA, ELISA on cells, 
rosetting, granule enzyme release assay and passive cutaneous anaphylaxis. J. 
Immunol. Methods 93: 107-114. 
Gieni R. S., Yang X., HayGlass K. T. 1993. Allergen-specific modulation of cytokine 
synthesis patterns and IgE responses in vivo with chemically modified allergen. J. 
Immunol. 150: 302- 310. 
Goodman R. E. 2006. Practical and predictive bioinformatics methods for the 
identification of potentially cross-reactive protein matches. Mol Nutr Food Res 50: 
655-660. 
Goodman R. E., Hefle S. L., Taylor S. L. , van Ree R. 2005. Assessing genetically 
modified crops to minimize the risk of increased food allergy: a review. Int Arch 
Allergy Immunol. 137: 153-166 
Guinnepain M. T., Eloit C., Raffard M., Brunet-Moret M. J. , Rassemont R., Laurent J. 
1996. Exercise-induced anaphylaxis: useful screening of food sensitization. Ann 
Allergy Asthma /mmuno/77: 491-6 
117 
Harpstea D. D. 1971. High-lysine com. Sci. Am. 225: 32-34. 
Helm R. M. 2002 Food allergy animal models: an overview. Ann NY Acad Sci. 964: 
139-50 
Helm R. M., Cockrell G., Connaughton C., Sampson H. A., Bannon G. A., Beilinson 
V., Livingstone D., Nielsen N. C., Burks A. W. 2000. A soybean G2 glycinin allergen. 
1. Identification and characterization. Int Arch Allergy Immunol. 123: 205-12 
Helm R. M., Cockrell G., Connaughton C., Sampson H. A., Bannon G. A., Beilinson 
V., Nielsen N. C., Burks A. W. 2000. A soybean G2 glycinin allergen. 2. Epitope 
mapping and three-dimensional modeling. International archives of allergy and 
immunology 123: 213-9. 
Helm R. M., Ermel R. W., Frick 0. L. 2003 . Nonmurine animal models of food 
allergy. Environ Health Perspect 111: 239-244. 
Helm R. M., Ermel R. W., Frick 0. L. 2003. Nonmurine Animal Models of Food 
Allergy. Environmental Health Perspectives. 111: 239-244. 
Hilton J., Dearman R. J., Sattar N. , Basketter D. A. , Kimber I. 1997. Characteristics 
of antibody responses induced in mice by protein allergens. Food Chern. Toxicol. 35: 
1209-1218. 
Hilton J., Dearman R. J., Basketter D. A., Kimber I. 1994. Serological responses 
induced in mice by immunogenic proteins and protein respiratory allergens. 
118 
Toxicology Letters 73: 43-53. 
Hoffman D. R. 1975. The specifities of human lgE antibodies combining with ceral 
grains. Immunochem 12: 535-8 
Homer A. A. and Raz E. 2002. Immunostimulatory sequence oligodeoxynucleotide 
based vaccination and immunomodulation: two unique but complementary strategies 
for the treatment of allergic diseases. J Allergy Clin Immunol110: 706-712 
Hossain M. 2004. Long-term prospects for the global nee economy. FAO Rice 
Conference 1-22. 
Huby R. D. J., Dearman R. J. Kimber I. 2000. Why are some proteins allergens? 
Toxicol Sci 55: 235-246. 
Hughes D. A., and Mills C. 2001. Food allergy: a problem on the increase. Biologist 
(London) 48: 201-204. 
Ikezawa Z., Ikebe T., Ogura H., Odajima H., Kurosaka F. , Komatu H., Sase K. , Suga 
C., Sugiuchi M., Suguro H. 1992a. Mass trial of hypoallergenic rice (HRS-1 ) 
produced by enzymatic digestion in atopic dermatitis with suspected rice allergy. 
HRS-1 Research Group. Acta Derm Venereal Suppl Stockh 176: 108-12 
Ikezawa Z., Miyakawa K., Komatsu H., Suga C., Miyakawa J., Sugiyama A., Sasaki 
T., Nakajima H., Hirai Y., Suzuki Y. 1992b. A probable involvement of rice allergy in 
severe type of atopic dermatitis in Japan. Acta Derm Venereal Suppl Stockh 176: 
119 
103-7 
Indian GMO Research Information System. 2008. Pepsin digestibility assay. 
http:/ /igmoris. ni c .in/ 
James J. M., Bernhisel-Broadbent J., Sampson H. A. 1994. Respiratory reactions 
provoked by double-blind food challenges in children. Am J Respir Crit Care Med 
149: 59-64. 
James J. M., Eigenmann P. A., Eggleston P. A., Sampson H. A. 1996. Airway 
reactivity changes in food-allergic, asthmatic children undergoing double-blind 
placebo-controlled food challenges. Am J Respir Crit Care Med 153: 597-603. 
Jankovic D., Liu Z., Gause W. C. 2001. Th1- and Th2-cell commitment during 
infectious disease: asymmetry in divergent pathways. Trends Immunol. 22: 450-7. 
Kenna J. G. and Evans R. M. 2000. Digestibility of proteins in simulated gastric fluid. 
Toxicologist 54: 141. 
Kepley C., Zhang K., Zhu D., Saxon A. 2003. FcepsilonRI-FcgammaRII 
coaggregation inhibits IL-16 production from human Langerhans-like dendritic cells. 
Clin Immuno/108: 89-94 
Kimber 1., Betts C. J., Dearman R. J. 2003. Assessment of the allergenic potential of 
proteins. Toxicol. Lett. 140-141: 297-302. 
120 
Kimber 1., and Dearman R. J. 2002 Approaches to Assessment of the Allergenic 
Potential of Novel Proteins in Food from Genetically Modified Crops. Toxicological 
Sciences 68: 4-8. 
Kleter G. A., Peijnenburg A. A. C. M. 2002. Screening of transgenic proteins 
expressed in transgenic food crops for the presence of short amino acid sequences 
identical to potential, lgE-binding linear epitopes of allergens. BMC Structural 
Biology 2: 8 
Kleter G. A., Peijnenburg A. A. C. M. 2003. Presence of potential allergy-related 
linear epitopes in novel proteins from conventional crops and the implication for the 
safety assessment of these crops with respect to the current testing of genetically 
modified crops. Plant BiotechnologyJournal1: 371-380. 
Knippels L. M. J., Penninks A. H., Spanhaak S., Houben G. F. 1998. Oral 
sensitization to food proteins: A Brown Norway rat model. Clin. Exp. Allergy 28: 
368-375. 
Kosugi T., Saitoh S., Tamaki N., Shimoji K., Kakazu T., Saitoh A., ljyu M., Agata H. 
1992. Evaluation of the sensitized condition of patients with allergic diseases in 
Okinawa using the MAST allergy system. Arerugi 41:766-71 (in Japanese) 
Kreis M., Forde B. G., Rahman S., Miflin B. J. , Shewry P. R. 1985. Molecular 
evolution of the seed storage proteins of barley, rye and wheat. J Mol Bioi 183: 
499-502. 
121 
Kumagai T., Kawamura H., Fuse T., Watanabe T., Saito Y., Masumura T., Watanabe 
R., Kadowaki M. 2006. Production of rice protein by alkaline extraction improves its 
digestibility. J Nutr Sci Vitaminol (Fokyo). 52: 467-72. 
Kumar R., Srivastava P., Kumari D., Fakhr H., Sridhara S., Arora N., Gaur S. N., 
Singh B. P. 2007. Rice (Oryza sativa) allergy in rhinitis and asthma patients: a 
clinico-immunological study. Immunobiology. 212: 141-7. 
Laman J. D., Thompson E. J., Kappos L. 1998. Balancing the Th1-Th2 concept in 
multiple sclerosis. Immunol. Today 19 11: 489-490. 
Lehrer S. B., Homer E., Reese G. 1996. Why are some proteins allergenic? 
Implications for biotechnology. Crit Rev Food Sci Nutr 36: 553-564. 
Lehrer S. B., Reese G., Malo J. L., Lahoud C. , Leong-Kee S., Goldberg B., Carle T. , 
Ebisawa M. 1999. Com Allergens: IgE Antibody Reactivity and Cross-Reactivity 
with Rice, Soy, and Peanut. Int Arch Allergy Immunol118: 298-9. 
Leung D. Y. M., Sampson H. A, Yunginger J. W., Burks A. W., Schneider L. , Wortel 
C. H. 2003. Effect of anti-IgE therapy in patients with peanut allergy. N Eng! J Med 
348: 986-993. 
Lewis W. H. and Imber W. E. 197 5. Allergy epidemiology in the St. Louis, Missouri, 
area. V. Cereal ingestants Ann Allergy 35: 251-4 
Lezaun A., Igea J. M., Quirce S., Cuevas M., Parra F. , Alonso M. D., Martin J. A., 
122 
Cano M. S. 1994. Asthma and contact urticaria caused by rice in a housewife. Allergy 
49: 92-5. 
Li X. M., Zhang T. F., Huang C. K., Srivastava K., Teper A. A., Zhang L. 2001. Food 
Allergy Herbal Formula-1 (FAHF-1) blocks peanut-induced anaphylaxis in a murine 
model. J Allergy Clin Immuno/108: 639-646. 
Limas G. G., Salinas M., Moneo 1., Fischer S. Wittman-Liebold B., Hendez E. 1990. 
Purification and characterization of ten new rice NaCl- soluble proteins: 
Identification of four protein- synthesis inhibitors and two immunoglobulin- binding 
proteins. Planta 181: 1-9. 
Liu Q. Q. 2002. Genetic engineering rice for increased lysine. Ph.D. dissertation. 
Yangzhou University and The Chinese University of Hong Kong. 
Marshall J. D., Abtahi S., Eiden J. 1., Tuck S., Milley R., Haycock F. 2001. 
lmmunostimulatory sequence DNA linked to the Amb a 1 allergen promotes T(H)1 
cytokine expression while downregulating T(H)2 cytokine expression in PBMCs 
from human patients with ragweed allergy. J Allergy Clin Immuno/108: 191-197. 
Matsuda T., Sugiyama M., Nakamura R., Torii S. 1988. Purification and properties of 
an allergenic protien in rice grain. Agric Bioi Chern 52: 1465-70. 
Metcalfe D. D. 1985. Food allergens. Critical Reviews in Allergy 3:331-339. 
Metcalfe D. D., Astwood J. D., Townsend R., Sampson H. S., Taylor S. L., Fuchs R. 
123 
L. 1996. Assessment of the allergenic potential of foods derived from genetically 
engineered crop plants. Crit Rev Food Sci Nutr 36: S165-S186 
Mills E. N.C., Madsen C., Shewry P.R., Wichers H. J. 2003. Food allergens of plant 
origin - their molecular and evolutionary relationships. Trends Food Sci Techno/14: 
145-156. 
Mills E. N. C., Jenkins J., Marigheto N., Belton P. S., Gunning A. P., Morris V. J. 
2002. Allergens of the cupin superfamily. Biochem Soc Trans 30: 925-929. 
Mills E. N. C., Jenkins J. A., Shewry P. R. The role of common properties in 
determining plant food protein allergenicity. In: E.N.C. Mills and P.R. Shewry, 
Editors, Plant food allergens, Blackwell Publishing, Oxford (2004), pp. 158-170. 
Millward D. J. 1999. The nutritional value of plant-based diets in relation to human 
amino acid and protein requirements. Proc. Nutr. Soc. 58: 249-260. 
Moreno F. J. 2007 Gastrointestinal digestion of food allergens: Effect on their 
allergenicity. Biomedecine & Pharmacotherapy 61: 50-60. 
National Institute of Allergy and Infectious Diseases (July 2004). "Food Allergy: An 
Overview" (PDF). National Institutes of Health. pp. 35. 
http://www.niaid.nih.gov/publications/pdf/foodallergy.pdf. 
Navuluri L., Parvataneni S., Hassan H., Birmingham N. P. , Kelly C., Gangur V. 2006 
Allergic and anaphylactic response to sesame seeds in mice. identification of Ses i 3 
124 
and basic subunit of lis globulins as allergens. Int. Arch. Allergy Immunol. 140: 
270-276. 
Nicolas M. E., Krause P. K., Gibson L. E., Murray J. A. 2003. Dermatitis 
herpetiformis. Int J Dermato/42: 588-600. 
Nielsen M., Lundegaard C., Lund 0. 2007. Prediction of MHC class II binding 
affinity using SMM -align, a novel stabilization matrix alignment method. BMC 
Bioinformatics 8: 238. 
Nordlee J., Taylor S., Towsend J., Thomas J., Bush R. 1996. Identification of 
Brazil-nut allergen in transgenic soybean. N Eng. J Med. 334: 688-692. 
O'Garra A. 1998. Cytokines induce the development of functionally heterogeneous T 
helper cell subsets. Immunity 8 3: 275-283. 
Osterballe M. and Bindslev-Jensen C. 2003. Threshold levels in food challenge and 
specific IgE in patients with egg allergy: is there a relationship? J Allergy Clin 
Immuno/112: 196-201. 
Phillips R.W. and Tumbleson M. E. 1986. Models. In Swine in Biomedical Research. 
M.E. Tumbleson, Ed.: 437--440. Plenum Press. New York. 
Poulsen L. K. 2005. In search of a new paradigm: mechanism of sensitization and 
elicitation of food allergy. Allergy 60: 549-558. 
125 
Rabjohn P., Helm E. M., Stanley J. S., West C. M., Sampson H. A., Burks A. W., 
Bannon G. A. 1999. Molecular cloning and epitope analysis of the peanut allergen 
Ara h 3. J Clin Invest. 103: 535-42. 
Roberts G. and Lack G. 2003. Relevance of inhalational exposure to food allergens. 
Curr Opin Allergy Clin /mmuno/3: 211-215. 
Roberts G., Patel N., Levi-Schaffer F., Habibi P., Lack G. 2003. Food allergy as a risk 
factor for life-threatening asthma in childhood: a case-controlled study. J Allergy 
Clin /mmuno/112: 168-174. 
Romagnani S. 2000. T-cell subsets (Th1 versus Th2). Ann. Allergy Asthma Immunol. 
85: 9-18. 
Rytkonen J., Valkonen K. H., Virtanen V., Foxwell R. A. , Kyd J. M., Cripps A. W. 
2006. Enterocyte and M-cell transport of native and heat-denatured bovine 
~-lactoglobulin: significance of heat denaturation. J Agric Food Chern 54: 
1500-1507. 
Saha S. and Raghava G. P. S. 2006. AlgPred: prediction of allergenic proteins and 
mapping of lgE epitopes. Nucleic Acids Research 34: W202-W209. 
Sampson H. A. and Ho D. G. 1997. Relationship between food-specific lgE 
concentrations and the risk of positive food challenges in children and adolescents. J 
Allergy Clin /mmuno/100: 444-51. 
126 
Sampson H. A. 1999. Food allergy. Part 1: immunopathogenesis and clinical 
disorders. J Allergy Clin Immunol. 103: 717-28. 
Sampson H. A. 1999. Food allergy. Part 2: diagnosis and management. J Allergy Clin 
Immunol. 103: 981-9. 
Sampson H. A. 2001. Utility of food-specific lgE concentrations 1n predicting 
symptomatic food allergy. J Allergy Clin /mmuno/107: 891-6. 
Sampson H. A. 2004. Update on food allergy. J Allergy Clin Immunol. 113: 805-19. 
Shewry P.R., Napier J. A., Tatham A. S. 1995. Seed storage proteins: structures and 
biosynthesis. Plant Cel/7: 945-956. 
Shibasaki M., Suzuki S. , Nemoto H., Kuroume T. 1979. Allergenicity and 
lymphocyte-stimulating property of rice protein. J Allergy Clin Immunol 64: 259-65 
Sicherer S. H., Eigenmann P. A. , Sampson H. A. 1998. Clinical features of food 
protein-induced enterocolitis syndrome. J Pediatr 133: 214-9. 
Shim S. Y. , Katakura Y., Ichikawa A. , Teruya K. , Matsuda T., Shirahata S. 2001. 
Epitope analysis of human monoclonal antibody specific for rice allergenic protein 
generated by in vitro immunization. Cytotechnology. 36: 109-15 
Shin D., Compadre C. M., Sampson H. A., Huang S. K., Maleki S. , Kopper R. A. 
1998. Identification and analysis of the critical amino acids and structures necessary 
127 
for specific lgE binding to Ara h 1, a major peanut allergen. J Bioi Chern 273: 13759. 
Sicherer S. H., Furlong T. J., DeSimone J., Sampson H. A. 1999. Self-reported 
allergic reactions to peanut on commercial airliners. J Allergy Clin Irnrnunol 104: 
186-189. 
Sicherer S. H., Furlong T. J., Maes H. H., Desnick R. J., Sampson H. A., Gelb B. D. 
2000. Genetics of peanut allergy: a twin study. J Allergy Clin Irnrnuno/106: 53-56. 
Sicherer S. H. and Sampson H. A. 2006. Food allergy. J Allergy Clin Irnrnunol. 117: 
470-5. 
Simonte S. H., Ma S., Mofidi S., Sicherer S. H. 2003. Relevance of casual contact 
with peanut butter in children with peanut allergy. J Allergy Clin Irnrnunol 112: 
180-182. 
Sudo N., Sawamura S., Tanaka K., Aiba Y., Kubo C., Koga Y. 1997. The requirement 
of intestinal bacterial flora for the development of an lgE production system fully 
susceptible to oral tolerance induction. J Irnrnunol. 159: 1739-45. 
Sugey R., Rasc6n-Cruz Q., Valdez-Ortiz A., Medina-Godoy S., Escobar-Gutierrez A. , 
Paredes-L6pez 0. 2004. Safety assessment by in vitro digestibility and allergenicity 
of genetically modified maize with an amaranth 11 S globulin. J Agric Food Chern. 
52: 2709-14. 
Sun S. S. M. 1999. Methionine enhancement 1n plants: 1n Plant amino acids: 
128 
biochemistry and biotechnology, Singh, B. K. ( ed. ), pp. 509-522, 
Sun S. S. M. and Liu Q. Q. 2003. Transgenic approaches to improve the nutritional 
quality of plant proteins. In Vitro Cell. Devel. Bioi. -Plant (MiniReview) 40: 155-162. 
Sun J., Arias K., Alvarez D., Fattouh R., Walker T., Goncharova S., Kim B., 
Waserman S., Reed J., Coyle A. J., Jordana M. 2007. Impact ofCD40 ligand, B cells, 
and mast cells in peanut-induced anaphylactic responses. J Immunol. 79: 6696-703. 
Tada Y., Nakase M., Nakamura R., Shimada H., Takahashi M., Fujimura T., Matsuda 
T. 1996. Reduction of 14-16 kDa allergenic proteins in transgenic rice plants by 
antisense gene. FEBS Lett 391: 341-345. 
Taylor S. L. 1987. Food allergens: structure and immunologic properties. Ann. 
Allergy 59: 93-99. 
Taylor S. L. and Lehrer S. B. 1996. Principles and characteristics of food allergens. 
Crit Rev Food Sci Nutr 36: S91-S 118. 
Taylor S. L. and Hefle S. L. 2001. Will genetically modified foods be allergenic?, 
Curr Rev Allergy Clin Immuno/107: 765-771. 
Taylor S. L. 2002. Protein allergenicity assessment of foods produced through 
agricultural biotechnology. Annu Rev Pharmacal Toxico/42: 99-112. 
Teuber S. S. 2002. Hypothesis: the protein body effect and other aspects of food 
129 
matrix effects. Ann NY Acad Sci 964: 111-116. 
Thomas K., Aalbers M., Bannon G. A., Bartels M., Dearman R. J., Esdaile D. J. 2004. 
A multi-laboratory evaluation of a common in vitro pepsin digestion assay protocol 
used in assessing the safety of novel proteins. Reg Toxicol Pharmacal. 2: 87-98. 
Tryphonas H., Arvanitakis G., Vavasour E., Bondy G. 2003. Animal models to detect 
allergenicity to foods and genetically modified products: workshop summary. 
Environ Health Perspect 111: 221-222. 
Uchio E., Miyakawa K., Ikezawa Z., Ohno S. 1998. Systemic and local 
immunological features of atopic dermatitis patients with ocular complications. Br J 
Ophthalmo/82: 82-7 
Urisu A., Ando H., Morita Y., Wada E., Yasaki T., Yamada K. 1997. Allergenic 
activity of heated and ovomucoid-depleted egg white. J Allergy Clin Immuno/100: 
171-6. 
Urisu A., Wada E., Kondo Y., Horiba F., Tsuruta M., Yasaki T., Yamada K., Masuda 
S., Komada H., Yamada M. 1991a. Rice protein 16KD- a major allergen in rice grain 
extract. Arerugi 40: 1370-6 (in Japanese). 
Urisu A., Yamada K., Masuda S., Komada H., Wada E., Kondo Y., Horiba F., Tsuruta 
M., Yasaki T., Yamada M. 1991 b. 16-kilodalton rice protein is one of the major 
allergens in rice grain extract and responsible for cross-allergenicity between cereal 
grains in the Poaceae family. Int Arch Allergy Appl Immuno/96: 244-52. 
130 
Usui Y., Nakase M., Hotta H., Urisu A., Aoki A., Kitajima K., Matsuda T. 2001. A 
33-kDa Allergen from Rice (Oryza sativa L. Japonica). J Bioi. Chern. 276: 
11376-1138. 
van Beresteijn E. C. H., Meijer R. J. G. M., Schmidt D. G. 1995. Residual 
antigenicity of hypoallergenic infant formulas and the occurrence of milk -specific 
lgE antibodies in patients with clinical allergy. J Allergy Clin /mmuno/96: 365-374. 
Wang M. J. , Jeng K. C., Shin P. C. 2000. Differential expression and regulation of 
macrophage inflammatory protein (MIF)-1alpha and MIP-2 genes by alveolar and 
peritoneal macrophages in LPS-hyporesponsive C3H/HeJ mice. Cell. Immunol. 204: 
88-95. 
Wang F., Robotham J. M., Teuber S. S., Sathe S. K., Roux K. H. 2003. Ana o 2, a 
major cashew (Anacardium occidentale L.) nut allergen of the legumin family. Int 
Arch Allergy /mmuno/.132 : 27-39. 
Watanabe M., Miyakawa M., Ikezawa Z. , Suzuki Y., Hirao T. 1990. Production of 
hypoallergenic rice by enzymatic decomposition of constituent proteins. J Food Sci 
55: 781-3 
WHO/NHD. 2000. Nutrition for health and development. A global agenda for 
combating malnutrition. WHO, France. 
Woods R. K., Abramson M., Bailey M., Walters E. H. 200 1. International 
131 
prevelences of reported food allergies and intolerances. Comparisons arising from 
the European Community Respiratory Health Survey (ECRHS) 1991-1994. 
European Journal of Clinical Nutrition 55: 298-304. 
Yagami T., Haishima Y., Nakamura A., Osuna H., Ikezawa Z. 2000. Digestibility of 
allergens extracted from natural rubber latex and vegetable foods. J Allergy Clin 
Immunol106: 752-762. 
Yamada K., Urisu A., Kakami M., Koyama H., Tokuda R., Wada E. 2000. 
lgE-binding activity to enzyme-digested ovomucoid distinguishes between patients 
with contact urticaria to egg with and without overt symptoms on ingestion. Allergy 
55: 565-9. 
Yamagata H., Sugimoto T., Tanaka K., Kasai Z. 1982. Biosynthesis of Storage 
Proteins in Developing Rice Seeds. Plant Physiol. 70: 1094-1100. 
Zhu D., Kepley C., Zhang M., Zhang K., Saxon A. 2002. A novel human 
immunoglobulin Fe gamma Fe epsilon bifunctional fusion protein inhibits Fe epsilon 
RI-mediated degranulation. Nat Med 8: 518-521. 
132 
CUHK Libraries 
004735463 
